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SUMMARY AND CONCLUSIONS
3

At the request of the Atomic Energy Commission (AEC), the

Committee on Radioactive Waste Managemen:- (CFWM) of the National

Academy of Sciences - National Research Council has examined

the technical feasibility of the burial of solid radioactive
wastes in bedded salt deposits. This method of waste management

was originally suggested in 19571 by an earlier Academy advisory

committee and has been under continuous study and development
.

since that time by the Oak Ridge National Laboratory. In June
.

1970, the AEC announced its intention to initiate a demonstration

project to provide technical data and experience on operational
-

methods and costs of long-term storage of solidified wastes from,

the processing of spent nuclear power fuels. A site near

Lyons, Kansas, has been selected tentatively as the location of

the demonstration project for a salt mine repository.

To assist in the evaluation of the AEC plans, the CRWM

convened a Panel on Disposal in Salt Mines. Based on the

recommendations of the panel, the Committee reached the following

conclusions: '

1. The use of bedded salt for the disposal of radioactive

wastes is satisfactory. In addition, it is the , safest choice now

available, provided the wastes are in an appropriate form and the
,

salt beds meet the necessary design and geological criteria.

.
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The site near Lyons, Kansas, selected by the AEC2.

is satisf actory, subject to the development cf certain

additional confirmatory data and evaluation. Initial disposal

will be fer low level sclid waste material centaminated with

plutonium and other long-lived transuranium nuclides. S ubsequent

disposal will include highly radioactive , high temperature,
t

solidified wastes.

B ACKGROUND INFORMATION*

In 1957, an advisory committee of the National Academy of

Sciences - National Research Council recommended that high-level
.

radioactive waster be buried in excavations in bedded salt

de posits .1 Laboratory and field studies on the feasibility of

such dispesal of high-level liquid waste were conducted by the

Oak Ridge National Laboratory (ORNL) during 1957-61.2 The

results were reviewed by another NAS - NRC committee in 1961.3
-

That committee recommended that more extensive studies be

directed toward solidified wastes and such studies were conducted

by the ONFL for the AEC between 1963-67 under the project rame

of Salt Vault.' In 1966,5 a subsequen NAS - NRC committee

continued the advocacy of burial of radioactive wastes in bedded

The ORNL, af ter a f avorable estinate cf the feasibilitysa't.

cf such an undertaking (1968-69),6 developed a conceptual design

during 1969-70 for a prototype facility to bury highly

radioactive , high-temperature , solidified waste f ror the chemical

processing cf spent fuel elements in bedded salt. In 1970, the

*A dditienal 1.sf ormation is included in the Appendix.
,-
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a
ec.. ept was expanded to include the burial of low-therral i

!

alpha waste, i.e. , raterials contaminated with plutenium and j
other transuranium nuclides. i

i
t

In 1968, the Committee on Radioactive Waste Management q

(CRWM) was established by the NAS - NRC at the request of |
1the AEC. As part of its charge to advise the AEC concerning

its long-range radioactive waste management plans, the CRWM |
responded to a specific request to evaluate the feasibility I

l
Iof disposal of solidified radioactive waste in bedded salt in

the light of present technology. On October 17-18, 1968, the I

Committee met at Oak Ridge to review the ORNL programs on.

|..

waste solidification and disposal.7 Later, the Committee I
|*

forred the Panel on Disposal in Salt Mines, which first met at
:

the ORNL on May 21-22, 1970, to hear a presentation en the j

burial of radioactive wastes in bedded salt and to rake

recommendations to the CRWM. The geological data and
1

preliminary engineering design information covered the burial

of solidified, high-heat emitting waste as well as the burial

of alpha waste.

Advantages of Salt Mine Burial
:

i

The advantages of burying radica tive wastes in a bedded sal
:

mine are as follows: -
;,

s
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k
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1. A '.ighly radioactive source separated f rcr the
.

environment by a thickness of good-c,uality bedded salt in

an area cf tectonic stability is effectively isolated from

that environment for at least 1,000 years and probably for

significantly longer.

2. Sedded salt has a high compressive strength but

flows plastica 11y at relatively low temperatures and pressures.

This will relieve stress concentrations produced by the

mining operation or by the heat generated by the radioactive

waste.

3. Fractures that might develop in bedded salt are

" se lf-healing." This is indicated in part by the absence
,

of solution cavities in the rock salt that has been studied.
4 The natural plasticity of the salt at the temperature

- 0: posed by the highly radioactive waste will effectively seal

the remnants of the containers in cells cf crystalline salt.

Should man, for a now unforeseen reason, have to remove the

buried radioactive waste, it could be accomplished with
.

specialiced mining equipment, albeit with considerable difficulty

and effort.

5. Bedded salt permits the dissipation of larger quantities

cf heat than is possible in other types of rock.

6. Rock salt is approximately equal to concrete for

gamma-ray shielding. Experimental radiation expcsure has

caused very little detectable radiclytic change in rock salt.

-

_ _ _

m , - - . . . . ._ . .
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7. The loss of our sal: resources would be negligible. 85m-

There is a great abundance of bedded salt in the 'Cnited States 1

'particularly in Xansas) that is of satisfactory quality and h
in suitable geological environments that can be used for the burial

of specified radioactive wastes produced by the nuclear plants

that are anticipated in the United States over the next two

to three decades.

8. The burial of the radioactive wastes under consideration

in deep-bedded salt greatly reduces chances for release by

accidental or malicious acts in both the near and distant future.

In addition, f actors particularly applicable to the Lyons
.

.' site are the following:

1. Salt formations suitable for radioactive waste burial

can be found in areas with a low probability for earthquakes.

The central Kansas area studied is so located.

2. The upward extrusion of bedded salt to form diapirs

(dome formations) does not appear to be a reasonable possibility
.

for the salt beds at the most favorable area under consideration

by the AEC. The differential loading upon the salt beds is

r.inimal. The relatively simple geological structure of the

shallow beds, the low relief of central Xansas, and the tectonic
.

.'stability are distinct advantages and militate agains the -

$.
4

develeprent of salt flew. The increased temperature due to the '

:.

planned therr.a1 release of the radioactive waste and the pressure
G

cf the overburden, coupled with those items earlier discussed, j
y
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is inadequate to increase the plasticity cf the sal: tc a
"

e.el whare extrusion by diapir fermaticn is possible.
-

3. The westward retreat of the eastern edge of the salt

frcnt at the Lyons site has been estinated to be no greater

than 12 miles in the last 5 million years. At this rate the

geological disinterment of the Kansas salt beds in the vicinity

of Lyons, because of the solution retreat of tha salt, would

.not occur in less than 15 million years.

4. The salt beds in question are of Permian age (about

250 million years old). The fact that the salt has remained

in place over this length of time is excellent testimony to the
*

dryness of the geological environment cf these beds and the.
*

.

prospects for safe interment for a significant geclogical time.'

.

General Recommendations-

1. The Committee judges that a sound case has been nade

for burial of highly radioactive sclidified wastes in bedded

salt. Sites correctly chosen wich respect to design criteria

and various f actors identified below offer a satisfactory method

fer waste disposal in terms of present technology. Inasmuch as

the AEC has announced the selection cf a site near Lyons, Xansas,

f er the demonstration of long-term storage of sclid high-level

and cf long-lived, low-level radicactive wastes , the Cor.-ittee

addresses its recorrendations to the specific coAdi:fons cf the

lyons site . However, many of the racer. endatiens are applicable te

c:her sites that might be as suitatie as the lyons site.

Y? NWWM,&?.555fE$D$?NMQ&bf&
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S'2. The Ce ritte favers the develeprer.: cf the ;repesed
,

re: hod of burying icw.:emperature , low-level al;'..a-; article-eri :ir.; 1
,

|
:- -

:
.

wastes in a salt mine at :. yens , Y.ansas , p cvided that apprcpriate

limits are set on the integrity and combustibility of the
..

r.aterials to be buried. This type of waste must be buried in
:

mined rooms separate from those in which the high-level wastes -

are buried.

3. Presently accomplished research, development, and

design from the ONRL and other sources for the AEC are at such

a state that the Committee can see no objection to proceeding

with the plans for a demonstration facility for both types of

wastes. The Lyons, Kansas, site offers a reasonable choice for
,,

such an initial demonstration project. Other sites such as
.

these on the Gulf Coast, in P.ichigan, and in western !;ew York

shculd be considered for future use.

4 The Committee recommends that additional studies and

investigations, described below, be undertaken concurrently with

planning and site acquisition. If these studies and investiga ions

reveal problems or conditions that would jeepardice tne safety

and integrity of the storage site, the prcject shculd be

reconsidered. However, based en research and development

performed to date the Committee does not anticipate any
,

fr.scemountable pretiem.

*

Speclol Manageable Problems

Special ;reblems tha; are judged to be ranageat.e by :e:hnelegica*
|

-

cen rcis and engineering methods:

.- . __- M-.
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1. The bedded sal deposits cf Kansas contai.. minute

:,uan-ities cf included water that is gradually released at

emperatures of 250 * C and above. Proper design of the

spacing cf the waste containers will reduce this problem to

an a:ceptable level.

O. Radiolysis of salt is probably of little or no

conse quence . No free chlorine could be found in tests in

the mine during Project Salt Vault. It is possible that a

very small quantity of organic peroxides was produced.

Ventilation methods that are already required for salt mining

will f urther reduce the possible but extremely small hazard to*

,

the mine werkersf rom any gases frcm this er any other source
.

shcuid they escape the salt bed ceatainment.

3. If the salt temperature a: the surface cf the containers

is held at 350 'C or lower, the temperature increases in a

hypothetical overlying noneirculating potable water aquifer,*
.

based on theoretical calculations,. would not exceed 6 'C after
,

abou: 600-1,000 years (the maximum increase in soil temperature

a: the surf ace will be less than 1 'C and would occur in about

500-1,000 years) . The induced or natural movement of water

through these aquifers will continuously effect a reduction cf

:he. i: terperature and even f urther diminish the sig.ificance cf

:nis pc ential preb'.er (i.e. , temperature in:rease.) er will

f.::her redu:e this pctential ter;erature increase te a mu:h

1:eer figure .

*1:~ f: be'.ow the surface and 80 f t abeve M buried waste.
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4 The dispesal cf excess salt f:cr the mining operarion
.

will require f urther engineering study. Severs' pcssible

methods of handling this prehlem have been suggested. These

include the sale of the salt for commercial use; solution in

potable water and disposal in the Arbuckle Formation (the loss

of potable water is uadesirable); and solution in Arbuckle

low-salt content water and return to the Arbuckle. It is also

possible that an arrangement with a nearby mine could be made

to return the excess salt to already excavated rooms. Other

special mining techniques have been considered but not studied

in detail. Another suggestion that has been considered is

the disposal at sea in the Gulf of Mexico. The cost of this
'

. .

..
.

method including transport by rail and barge is high but need
.

net be a reason for excluding it. The problem of the excess

salt is a vexing one that has to be resc1ved. Since there are

a number of potential solutions available, it is reasonable to

expect that an acceptable solution can be developed, and

therefore this problem is not sufficient reason to stop the program.,

STUDIES TO BE COMPLFTED BEFORE OPER ATIONS BEGIN
.

Several site problems should be reselved before radioactive

materials are committed to the salt beds. These problems are.
.

both geological and physital in nature. Feur require investigatiens

at the site, and ene requires lab::stery stu,dy.

hY4%%WhW$ YL. *

-
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In order to plan the loca:icn cf the shaf ts and the'
.

dis:ributien cf the rooms in which dispesal kill be i.ade , it

is essential that the unifornity in quality and thickness of

the salt beds be known. In order to obtain this inforation,

some subsurf ace exploration is necessary.

Recor:nendation: Four cored and logged drill heles through

the salt should be sunk at the corners of the approxirately

1,100-acre proposed disposal site.

2. Location of previous oil and gas wells and inspection

cf r'ecords, where available , should determine if these former

wells have been adequately plugged te avoid an entrance of
.-

water to the salt.
.

Re cc=renda tion: A survey should be made cf neig". bering

wells in order to avoid threats to the integrity cf the prcpesed*

bedded sal: disposal site,

3. Subsidence in the distant f uture may result from void

spaces af ter the rooms are backfilled with crushed salt.

3ecerine ndation: An answer to this problem is rec,uired in.

crder te determine the best mode of mining and backfilling. F.odel

studies are suggested, e.g. , Llock mining and block back*illing.

The possibility cf a metamict (Wigner) effect due te4.

high ga- a radia:ien and the uncer:ain:y abcut the accompanying

varhed te ;4rature rise is a matter cf mcderate cencern.

Fe cer.Tenda:icn: Experimental determina:icn cf the re:aric

effect ir 541: should be made using gar.a-ray desages equivalent

:c tha; expected under s:crage cendi:icns.

~ m m w ,,4. - - n-_"
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5. A surrounding peripheral zone of a;;roxirately

1,000-1,500 feet in width must be prctected f rcm accidenta' -

drilling that might adversely affect the integrity of the

demonstration site.

Recommendation: Control of this peripheral zone by

purchase, lease, or other legal agreement is recommended.

CONTINUING DEVELOPMENT PROGRAMS
1
|

|

There are a number of development programs that are either I

under way or that should be initiated that, while not critical

to the beginning of realistic planning and construction of a

.

demonstration salt bed waste disposal project, may unexpected 1y'-

be the cause for a later decision not to continue. These

programs will also be usef ul to the f urther development and

evaluation of waste disposal in salt mines either at er near

the Lyons site or, in some cases, for later projects elsewhere.

These programs fall into three categories: (1) exploration

for the location of aquifers in the neighborhood of the salt

i

beds; this includes deterrining the movement of the centained

water and its proximity to the salt beds; (2) the development of

f urther inf ormation on the thermal and mechanical properties of

the salt beds and other key stratigraphic units; and ( 3) the

investigation of methods of dispcsin; cf the large quantities cf
.

salt removed in the mining operation.

J
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While the details of each prepar shculd be developed by*

-

the AEC and its consultants and will necessarily evcive as

additienal i.lorration is develcped, the fellowing items are

suggested in connection with the three ceneral areas

identified above:

1. Movement of water in the neighborhood of the salt beds

The geology of the area should be examined to determine |

in greater detail the structural and stratigraphic characteristics.
Particular attention should be paid to any indication of faults,

sink holes, or other evidence related to structural erosional

stability that might jeopardize the integrity of the salt bed.-

.- Sufficient borings should be carried out to determine

the geclogy cf the area and the quantity and quality of the

acuifers in the neighborhood of the salt beds. Additional tests

ray be desirable to determine the flow of the water in the

aquifer if there is a possibility that this will affect the

integrity of the salt beds.
Theoretical and experimental work should be carried

cut using cored raterial from the bedded salt area selected te

determine the possible establishrent cf therrally initiated <

i

flow patterns that ray dissolve and transfer raterial from

the salt beds.
|

|

2. Therral and mechanical prcperties cf key geclegic structures

X-D L 4 M y M A;Q E g g n W i | W d i h 5- r_: _.n,_me.r.a. :. :.e..x. . i.- ns..ux. .wam.56f?3?
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The basic properties of the ixed sal bed raterials

(as found in situ) as well as other key raterials should

continue to be investigated to cbtain additional infomation

on theral conductivity, the=al diff usion, themal expansion,

and phase changes (with volume and theral effects), to the

extent that these and other physical properties are needed |
I

for continuing evaluation of long-term disposal.
g

The determination of the properties of rock salt,

such as viscosity, rates of plastic defornation, and solution

rates, etc. , should continue as a function of temperature,

pressure, and time within the limits of conditions anticipated
,,

,

during long-term disposal of radioactive wastes.

3. While the dispocal of the mined salt is to a

considerable extent an operating and economic problem, some

of the possible solutions require additional geologic and

hydrologic investigation. The sclutions for Lyons, Kansas,

for example, include, as previously mentioned, the sale of

salt, transport to the Gulf of Mexico, or disposal in mined-out

areas in other nearby sa'.t mines. Also the possible injection

d brine
|

into the Arbuckle Forration of artifically concentrate

requires additional studies of the hydrodynamic characteristics

cf the Arbuckle Fe=ation and of pcssible chemical changes in
-

the Arbuckle water.

I
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LONG-TERM RESEARCH AND DEVELOPMENT

Sc e icng-ter.~. censiderations have a relatively Icw crder of

pricrity since they have only a small prchability of irdleencing
the selection or operation of a burial site. These include

.

I

1. Waste retrieval plan
2. Postoperational monitoring (preceded by a determination

of background data)
;

3. Estirate of subsurface leaching
4. Estimate of future rate of surface erosion

Investigation cf most of these items is well under way and !

should be reviewed as completed. Conceptual inferration
.

.

'

presented by the AEC to da ce has not included a waste retrieval

or posteperational monitoring plan.

1. Problem: Contingency planning for retrieval cf the I

radioactive waste from the salt has not been developed. A " worst
.

i.possible case" hazards analysis is a matter of importance in the

event that the integrity of the site is destroyed fer any

reason er if the operation doas net perform according to
design criteria.

Recer. >endatio. : Fcr the preparatien cf su:h a centingency

plan, consideration cf systems fer retrieving the was te . shculf
,

it ever be necessary, rust be deveicped.

,_,,,_TM5-3.nwswe W Wsid?.EM M E D iY_ --+g-
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2. Problem: A monitoring syster is needed f or pcstoperational [f'

.

surve.illance of water quality and temperature , scil terperature ,
--

radiation levels, seismic activity, surface subsidence , plugged !

wells, and changes in the surface bicta of both the contiguous

: land and waters af ter sealing the mine.
,

Recommendation: Adequate plans for such surveillance must
,

,

be developed. 1

3. Problem: The eastern edge of the Wellington Formation

outcrops at the surface, and there is evidence of a westward

migration of this dissolving salt front, a condition that could
,

destroy the integrity of the disposal site at a distant f uture time.
i

|
; Recommendation: Data and interpretations should be formally

prepared on the solutional history and regime of the eastern'

edge of the Hutchinson salt member of the Wellington Formation.

The report should define the hydreiogic conditions under which
.

salt solution has occurred and evaluate the history and rate cf
;

I
i solutional activity in order to determine whether the western |

|
'

migration of the dissolving salt front poses a threat to the'

f uture integrity cf the disposal f acility.
.

a. Problem: The extent of erosion that may take place in

central Kansas during the next 500,000 to 1,000,000 years

cenceivably may affect the integrity of the repository. The
,

near-surf ace rocks and regional gecmcrphic and hydrclogic aspects

cf any storage site , including the lyons site, represent a
'

response to geclogical processes cperative during Fleistocene

. any geclogists agree (and this Ccmrittee accepts theMtime.

i
>

>

- - _, , . .
**
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idea for the purposes of this repert) that the present is part l

!
Of the continuun of the Pleistocene and that similar processes
may be operative during the next

500,000 to 1,000,000 years,
the span of time for maintenance of the integrity cf the

,

waste disposal site. During the past million years, for I

example, the effects of glaciation have produced marked changes :

in groundwater systems, drainage systems, and surface erosional
rates.

The long-term possibility that the bedded salt may be

subjected to solutional activity, erosion, or other stresses 1

|cannot be ignored. i i

\
*

.

Re commendation: The extent of future erosion may be .

.!
E.

projected by statistical treatment and extrapolation of recent

rates of erosion in several climatic zenes that would be

representative of the kinds of climate that may have existed in
the mideontinent during the last million years. These

conditions conceivably could be expected to prevail or recur ,

during the next million years.
Studies should be initiated of

the effects of changes in the Arkansas River systems, changes in
groundwater circulation, long-term changes in land form, and i

evaluation of the long-term possibility that the salt may be
subjected to erosional or solutional activity. The Committee

believes that this recommendation should be given a low pricrity
1

since ample time exists for decisions regarding it at a much
,

later date.

|
l
|

|
|

|

,
.

I
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APPENDIX: B ASIC CHARACTERISTICS OF THE WASTES AND.

CONSIDER ATIONS FOR THEIR BURI AL

The -.sc categories cf wastes for which the sal: repcsitory is being
designed are (1) solidified high-level radioactive wastes

I

generated by the reprocessing cf irradiated nuclear power i

ireactor f uels, and (2) sclid waste contaminated with low-levels
. ,

cf radioactivity, principally the transuranium elements such
as plutonium. To ensure raximum safety, the AEC intends to

specify and rigidly control the nature of the wastes that will
be accepted for burial.

HIGH-LEVEL WASTES
.

t.

:
.

The two significant considerations in the development of

specifications for the sclidified high-level wastes and the

design criteria of the repository are (1) hea generation, and .

(2) internal pressure within the containers. '

,

Heat Generation I

Secause the solidified wastes will generally be stcred at

rem;>eratures hundreds of degrees lower than the temperatures

experienced during solidification, the thermal effects on the

wastes during storage sho>ld be negligible. The ther:al energy

released frer the stored waste is only cf significance in

relatic. Oc its effec: cr the structura1 prc;er ies cf the
surrcunding salt.

% __
~
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i'In ? reject Salt Vault, an experiment performed in the 1|
-

1

Carey Salt Company's mine at lyens , Kansas , it was determined
;|
: '

; '

from measurements made of the plastic characteristics of

salt at elevated temperatures that the integrity cf the active: 3

i
!

mine workings could be maintained provided the temperature
i l
|
~ of the salt did not exceed 200* C at the midpoint between

adjacent containers. This temperature limitation can be

maintained by limiting the total power in any single 10-f t

long container to 7,500 W (25,000 Etu/hr) and by spacing the

I containers so that the centerline temperature of a container f
1 .
,

does not exceed 900* C and the temperature of the salt at ai
i

distance of 8 in from the container does not exceed 250' C.
i :

:
:-

The actual thermal output of the containers will be verifiedi
I

*

both by records supplied by the reprocessor and by calorimetric

measurements made at the repository prior to burial.
.

,

l The thermal power of a typical can of high-level sclidified

waste (6 in. in diameter by 10 f t long) is 530 W at 10 years,

55 W at 100 years, and 1 W at 1,000 years.
1

The containers will be fabricated frem either carbon
in. insteel er stainless steel, and may vary frer 6 te 24

diameter, from 2 to 10 ft in lengch. and, wrin filled with

waste , may weigh up to E ,000 lbs. each.

'

_ * -
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The o,uestion has been raised regarding the rigration of
'

**het" waste containers through or out of the salt.
S 3plified

analyses have been performed using conservative assumptions
;

that incicate that the migration cf waste containars in i,

250*C s a _' t would be in the order of 10-10 in/yr.

If it is postulated that the waste could migrate from the
-

disposal plane, it would travel into salt of lower temperature
,

and this would gradually cool the waste and terminate its
movement.

Additionally, the shale partings present in bedded
,

salt deposits would act as a physical barrier to limit the
E movement of the waste. ,

It is reasonable to conclude that the !

.

containers will not migrate to any significant extent.
.

A further question has been raised as to the possible

effects of energy stcrage within the waste and the salt as a
I

result cf irradiation (metamictization). The storage and sudden

'
release of energy from containers buried in the repository

,

i

appears unlikely because the mine temperatures are in the range

cf annealing temperatures, and the waste temperatures are above
ther. .

Even if energy storage and sudden release did occur, the
effect on mine temperature would be insignificant. Storage of

i

arcunts of energy above about 500 cal /g nas not seen coservec i
'

in silicates si-ilar in compcsitica to scre types cf wastes i

{
,

ani the sudden release of this c,uantity cf energy would raise l

1

1The Terperature cf the sal: 5 f: frc the :cntainer by only
alcu 2'O. Storage Cf energy in sal: snculd nC: exceed
3 ~. Oil /g,. and its release WCuld ".0:

haVe seriCusly deleteriCus effeO:s.
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internal Pressure 9
rd
"~he internal pressure of the waste cor. tainers af ter brial

is expected to be of little consequence because the waste

|will be solidified at temperatures in excess of those expected j

i

during transport and storage . Several of these containers )
:

are presently being stored with molten cores (> 1,100 * C),

a condition which would not be expected under storage in the

mine. To date, no pressure buildup has been noted in any

of the containers. This would suggest the absence of any

significant decomposition of the solidified products because
-

of heat or radiation.
..

.

The pressure-related requirements that will be imposed j.

are (1) that the solidified product be thermally and
;

radiolytically stable and (2) that the equiltrium pressure l

\
within a waste container be less than the design pressure !

rating of the container. (The latter is actually redundant

because of requirements imposed via the regulatory process in

the safety analysis of the interim waste storage and

^

transportation systems.)

LOW-LEVEL WASTES (TR ANSUR ANIUM NUCLIDE ,

CONT AMIN ATED W ASTE) . -|
..g :

These wastes are solid materials that either contain er have

surf ace contamination of plutenium er other transuranium it[
as
ac

.uclides. Any waste material containing er contaminated by Mew
detectable quantities of plutoniu . is classified as this type g

-

x,
y
? 3. *
b-ar i
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cf waste. : he present detectable lirit fcr plutoniur waste
is 500 mg/f:3 f or a 5 f r' pa cka ge . ) S uch wastes include

f ailed er obsolete eo,uipment, contaminated tools , paper,

clothing, construction rubble, nonreclainable fabrication
-

I

scrap, sclicified liquid waste, etc.
.

!The bulk of the wastes are packaged in metal drums '

( 55_ gal barrels). Larger pieces are boxed in varying
,

sized containers. The container shields out essentially all

radiation and presents minimum handling problems from that

standpoint. However, the contaminant, usually plutonium, is

very long_ lived and very hazardous if inhaled or ingested.
..

The rajor health hazard is usually associated with resuspended
.

airborne particulates; therefore, the containers must raintain
.

their integrity and must themselves be externally free from the .

contained contaminants.
iThe initial heat generation rate of these wastes will be '

3limited to about 0.1 watt /f t , and the thermal power will not
.!

exceed 0.01 watt /f t3 at any time greater than 1,000 years

af ter their receipt at the 1epository. Criticality safety will

be ensured by limiting the average fissile concentration

to 5 g/f t. 3 Combustible wastes will not be accepted for

s:crage in the repositcry until it is estab'.ished that storage
cf such wastes presents no fire '.acard.

.
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GEOLOGY AND HYDROLOGY OF THE S ALT BEDS q ,

The Murchinson:Grier of the WellinEICn ECrratiCS is

apprcxirately 300 f: thick at the Lycns site and lies

i beween 780 f t and 1.0 80 f t below the surf ace . The i

I

hu:chinsonis composed of about 60 percent halite (NaC1)

that is interbedded with shale and anhydrite (NASO ). )|4

There are three freshwater-bearing zones above the I

salt. The deepest of these lies from 275 to 290 f t below

the surface and will yield water at a rate of 1 to 3 gal / min. i
,
i

! Sandy members of the Xiowa shale formation that occur at depths [
t, !

of 50 to 175 f t will yield water at a rate of from 1*.

i-

1to 20 gal / min. The unconsolidated blanket of sediments.

!that extend to a maximum depth cf 70 f t will yield 1 to

5 gal / min. Ne f reshwater aquifers are f ound below the
.

i

sait; however, beginning several hundred feet below it, some !
,

I

|
porousand permeable zones are encountered that contain salt

In all cases, the water-bearing zones are separated bywater.

thick sequences of essentially impermeable shales. I

MINE SPECIFICATIONS
!
,

I

It is -lanned that all new shaf ts into the working area will i
Y

be rcund, drilled f rer the surface , lined with heavy-wall metal

casi..; and f ully cer:ented. These hcles will a1sc centair an

cuter surf ace casing tc a de;;h cf 30~. f:, e.ich w .1 isclace_

the casing and its cement frer all knowr ac,;ifers. Fcr the

_
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existing shaft, or any new shaf ts conventic.. ally sunk rather

than drilled, the aquifers will be pressure sealed and/or
.

lined with concrete, poured in place. These precautions will

effectively prevent water from entering the mine through a shaf t. ;

i

In the present concept, the specifications for the new shaf ts
i,

are as follows: (1) high-level waste shaf t, 33 in.inside diameter;
I

(2) downcast ventilation, service and salt hoisting shaf t,
14 f t diameter; ( 3) upcast ventilation shaf ts, 6 f t
diameter. The shaf t sizes are strongly dependent on the details s

of underground operations, which are currently undergoing
,

. extensive investigation by Kaiser Engineers. Therefore, these.-
,

isizes may change drastically in the final concept..

All shaf ts will be eventually backfilled as part of the
decommissioning of the repository. Fresent plans call for

filling them with successive layers of crushed salt, shale ,
,

gravel, and sand. Impervious seals at critical elevations

would be provided by layers of a bentonitic clay.

In'the present concept, all newly mined openings in the

high-level waste disposal area (main entries , corridors , and

rooms) are 30 f t wide and the rooms are separated by

30-f t-wide rib pillars , while 50-f t-wide pillars are lef t

between all dual corriders and entries. Eased en preliminary

analysis of Project Sal: Va ult data. these dime.*sions should

be close to the c;;irur. but they will be refined by further
analysis befcre the excavation star:s. The final design will

MO ._
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bthen be verified and refined further, based en instrumentation'

,Fr-,

that will be placed in the first few rooms of the actual j

facility. " Optimum," in this case , means those dimensions
~

Ithat will provide (a) the raximum amount of usable space
.

per unit of gross area, consistent with (b) safe and trouble-free
Ioperation of the mine during excavatien, waste disposal and .

backfilling, while allowing (c) the earliest practical complete
:

closure of the mine and recrystallization of the beckfill'

salt (currently estimated to occur within 65 to 100 years

after filling).
.

TRANSPORT ATION OF W ASTES AT THE MINE
..

Waste cans will be unloaded remotely f rom their shipping*

cask in a shielded hot-cell at the surface anc lowered in a

cage through the waste transfer shaf t to the mine level. Both

this shaf t and hoist will meet the requirements of 30CFR57 for
I

! a man-riding hoist. The salt mine will be developed over the
,

life of the repository and will provide space for storage of

high-level waste cans. Various methods for handling the cans

in the mine are currently under study. In the case of one

concept that has been given consideration, the cans will be

received at a mine-level receiving station and loaded directly

into shielded casks carried by motcrized transporters. They

are then carried by the transporters to rooms eined in the salt ;$
i

fe:-ation and buried in vertical hcies in the flocr. After the 5
:
E

flocr area of a room has been utilized, the roor will be backfilled |
,

F

with crushed salt and sealed from the remainder of the mine. j
L

m )
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POPUL ATION DENSITY OF THE LYONS, K ANS AS, ARE A

The fellowing figures , based en the 1970 census provide an ,

indication of the population density in the general area:

Oity of Lyons: 4,306 (area , approximately 1.5 sq mi)
2,E76/sq mi

!

Rice County: 12,129 (area, approximately 800 sq mi)
15/sq mi |

Sampling of 12
rural townships: maximum population density 72/sq mi; average,

3.9/sq mi; minimum, 0.9 sq mi.

.
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4. AESTRACT 0) bedded salt located in a geologically stableg_g;; hrj area; (2) subhod: ental salt beds exposed to
. 9 3" .

,
'

Tne p!2stic deformation of salt formations very limited di:Terential loading: (3) thickness 1
' 4 ji

is reviewed to evaluate the possibility of of the salt beds ;f the order of 100 to 300 mi i !! li 1,! ! '

dispi-ic processes afecdng sdt beds used for and (4) depth d the salt beds between 300 and 1
,

9 "

*|hI radioactive waste dispsal. In a geo!ogica! ,

703m. ,1 Yu
t;jg,} sese. rock sdt is characterized by a marked

.

f I [n@
MF :M.,. . 1 mobi!!ry as a resdt of its ability to d:forr. INTRODUCTION' p

: t ecton2c
! under relativelv low st.reeses. Examoles are y if* M'"' "

ks:n n of salt fo'. nations defo med by' tectonic Sdt formations have been proposed as the jd ! P .,y;[.I hM, forces. but the typica.1 dispide processes are safest location for the disposal of radioactive
.

! P

'

: '.....

Mo = ess:stiaEy due to gravitational forces. In the wastes requiring long-term containment. To '
- %*snn:rfs:e ! i:!tial phase, salt deformation is caused evduate the possibihty of diapiric processes ! J jf_ y * 9'

. Nc=Aewr : by di#er:stialloa ding of the sdt bed: only after afecting the long term stability of the waste jI i"-

8 sdt Sowage has teru!ted in thickening of the repository, a thorough understanding of all .(3]C
'

, h ruig :ow pressure zon:s of the salt bed does the aspects of salt dispirism is necessary. Diapirism
| it

.,,

&o

y)I -
. desirv d:ference betue:n sut and sedi:nent is a process by which earth materials from i 1Q4 costribute to the d:fo rning stress. Salt dispirs deep:r levels deform and pierce overlying i[ f|are usua5y la ge structures, asd to furnish the materials. The actual pierrement of the over-

}h|14y-

necessary large vo!:rne of sdt. : mo her bed of burden is usually the Anal stage of a complexi" 'g ,' , ,

j ; test inida! thickness must be presumed. No historv of " plastic" deformation. (In the dy ;MNE =I i=u= depth se =s to exis- for the plastic geolog'ical literature, the term " plastic"
. .

; ]%g :
, i ~..

I defor= ados of sdtt however, the b'.asticity of is applied to the continuous deformation of
' -

;h .
' ~.....

t. MeAer.q sdt incrases with depth as a resu of the in- cornplex solid bodies, such as rocks, in con- | ; i

trast to the tiscous Bow of Suids. It is used i 87.M,;3

| creasin; te=p:rature.
'

ir;,M ,) h rate of salt defermation is criticd in without any implication about the mechanisms kg .'

' riation to the required containm::t tim: for respansible for the deformation.) S rs = 0, cs' ..phnonie=-coctami .ated waste. A f:w authors Evaporites are not tbc only geologic mate-
M $ $yj . .-

.'
mintaic that dispiric processes proceed at a ria!s capable of forming diapiric structures. . h H}..

3 ^,'~32"'
catastro: hic rate, but th: geolcrzic literature trgillaceous sediments before induration show a*

ii , f D '
! j,9]f M

i -'

i.ndicate's that g:clegists 'believe salt marked ability to flow. In addition, serpentine |
< most

diapidsm t be a rela idy sw process and and occasionah limenone, coa!. and peat y;qh Q
,

et secoc6 isop g:chgig evidence 5 ems to supper stro: gly are found as dispiric materials (O'Brien, IES). .y q g. Q, , ,

ts: magnry view. It can ce conduc,ed t..at. 4:us oiscussion is limitec to the ocormatione:np;ove
. in th: fnal s age of set istrusic:, rates of of rock sdt, but the basic principles are

. ; oy Q'
,

: P [ fy g,g _My ork-i d:apir growth as high as a f:w mill!=ete s applicable to other geologic materials. All rocks, P ,i, :q 14J
i; ton na. per y.a.: are pssible, and in th: initial phas: of given su5cient stresses acting for geologic j y . ;

s'
hg 7.

m'a=: R :12stic deformauen of th: sdt b:d, few rates p:riods of time, undergo some creep or plastic d
'

; %
-

PF "" i iicdd be taarkedir lower. defermation. In competent rocks, however, the 1 :

'

%5".'""" i I: rdation to th'e safety of radioactive waste rate of deformation is too low to cause evident ,' hq.
-

!

" " . | contair.ra:ot, the risk of ucess've deformation flowage. Salt owes its geologic mobility to its ! J,:
#

[|4k} ~~.ff, can be kept acceptably low if th: disposal ability to deform readily under relatively low [ 'y
'

,

m.3, ia fe.: . ado rn=ts th: foSowing require:nects: stresses.
. O re

,.

sc.?ct th:
! ! H [ E "_ ,._

C:::ogicd So:i:ty of Am:rira SC: tin, v. E3, p. 255;-2574,1S figs., De: ember 1972 ) I
' '

,
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P'-iYSICAL PROPERTIES OF SAI.T 198). When stress is applied again, the defo. k on the deformation of h
.

l ; evident that the c5cct ofRcek salt is an a;,gregate of halite crysuls. mat,in curve is CBD; the curve now b'8 a
Tne individud habte grains usuallv have stra:ght segment CB, where deformauon h ,4s secondary. In nature, tbe

''

dimensions of a few m!!!!merers, althourb esser nally clasuc, and shows a distinct 72c'dof salt increases with de-~.

! crysuls as large as so erd centime:ers are found. Po$t.at B. The str,engthening of the mineral l cre2se of temperature withwith meressms cetormauon ,is called "strde | c5ect of the increasing co
-

Hei:e crvstdliz s in the cubic sys:em; its harderung or work hardemng. Salt with a. depth of 9,000 to 10,':
hardness i 2.5 and density is 2.165 g/cm'.

geologic h,istory,of cefonnau,m or of budal~ I geothermalgradient of abo
' ''

Rock salt always conuins some impuri:ies, CCIY 25 *l"ays m a somewhat strengtbentd- iemperature would be ab.
and :be arnoun:s can varv beeween wide lirnits. state. Relaxation and recrystalbzation may.T* deformadon would occur

" Ai:.houghirnpurities in bedded sdr are essen:id. cause sal: to return to the iruual unstrengs. a hardening. Other parame.

lv p-imarv or a result of contemoorsneous
s'-d; menu { ion. disoide sd: can condin e.xotic ened ,, ate. Figure 2 shows the efect ef;it.fiuence the creep ofs

an 2ang a samph of Lower Halite at 600* C' (1965) has found that tb
bi:ds torn from' :be intruded formadons. To samph uncer consideration was taken fro =- ' portional to the stress di:

'

A.ncag the primarv imourities, anhydrite and a mine, and how much of the strengthenig increase in grain sits red.
day minerals are b'v far' the mest ab'.mdant. 2s a result of the rmrung operanons ss not. In addition, the deformatic

Ssme of the paraseters 25ccting the phpical known (Borchert and Muir,1964). .r,
,

'

e of
, by :he rate of chanferene

*

' . ' behavior of sut can be evaluated from the The physical behavior of salt is drasu, calli f b'uildup of stress dif
defermation of salt specimens in hboratory afected by temperature. bot only coes the. -

aficcting the hrge-scale

,

;, , yen', slow process. A,.

tests (Handin and Hater, :957,1955; Handin rate of deformanon mcrease with the temp:ra;,
and others,1953; Ro$ernon 1953; LeCornte, "2't. but the strain-harden,mg effect ss pro- | formations are the thickr- i

Ic55; Handin,1966; Odi,1965). In a gen-ral gressively reduced; at 300 C it disapp:
'

the amount and nature o.2'8

when a g adud!v increasing stress is completely. and salt oeforms at a constant rate -Itained in the salt, and t1* wav,

any.ied, the sp:cimen irs: deforms clastically, if censunt suess is mamtamed. At consus ; in the individual halite c
rigaining its edgina! dirnensions if the stress is te P"Stur.e the rate of deformanon of sa ) mechanism of deformatic
removed. The stress at which an sopreciable crys:als is mversely proporuonal to the cro-gliding on the dodecahe

-

~

armanent deformation is En: o$scrved is
.

howeser, sery b,rmted. F,gure@a shows thef =ng pres re. The eyect of con 5 g pressure i phnes, ahbough some tri
knewn as the vidd suess. For specimens of*

sho occur on the cubicphi
25Edi:e in its origind dtpositional forrn, the Leneet of :emperature and confimng pressure Where sdt has undergo:

s:ress-s: rain curve is of the type cf the soli tion. a certain preferenti
line A-D in Figure 1. No dis:inct yield ooint salt grains should be ev-

is evident, but the deformation is a'most , , ; ', ,
few petrofabric studies or

,

2 20:
comp'etely chstic only to to about 10 kg/cm .

| | | | | ( the Gulf Coast area areif the stress is raised to 1O kg/cm and releas-d.2
baugh, 1962; Muehlbe.'" i 4 ,

as in B, about C.4 percen: of permanent ! "7'''F5'"'' |
,

| 1965; Carter and Hean
ddormation remains (Borchert and Muir, .

|g| | | |
anhydrite is abundant, t*.

[| | | | | j
| . , i,.

e ~
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Fig.are 1. Quasinade deio z=2 don of a sample of e,,st.. m ,

I Firure 3. Stress. strain
the 5.usfurt Elite shed.:.g the efect of tenpo-ary EEcet of annealing at @0' C on se iFigure 2. c,.,suls defM dq am
releax of suess the a:>ount of pe=a.ce.ct defc :nado: nnin curses of sa:np;es of the Stassfurt Habte.(M#b s cd.y pre a
prMuced, and the'dinin:t pcid point produced wbes inecfrom Dreyer and Borchers, LoS5.) , (f= Handin and Hager,15
the sa::p;c was ruessed once ciore (fm Dreye,1955).
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.. m 2

) on the deformation of halite crvstals. It is anhydrite crvstals in the direction of movement i i ' E f-

'

s : evident that the efect of conEning pressure is evident ($alk,1949). IM -- *'

' is secondary. In nature, the case of deformation In condusion, the physical pro rties of \ Q rii

yM ' s.,-
_

! I of salt increases uith de th, because the in- halite in the laboratorv are fairly w known,
.

O it K" '.cl crease of temperature wi death overrides the but the defermation' of salt formations in-

e
.. efect of the inceasing conSEing pressure. At nature is poorly undentood. The best way to !$' =- 'M2

I MdE, a depth of 9,000 to 10,000 m. assuming a learn about the physical behavior of salt in i Fa

1 . geo:.hermal gradient of about 30* C r km, the nature is not by the extrapohtion oflaboratory Myd
i temperature would be about 300* and the experiments, but by the study of geologic dl,T:,

deformation would cccur without any strain structures caused bv the deformation and 6ow- - iE 5
- 4 bardening. Other pa:uneten are ka'own to age of salt.

.

3

'

| |1 $rf
3 (r.Suence the ceep of ro:k sdt.1955) has found that tbc creep rate is pro- g f
- i LeComte | 1 1 Ts-

- n
SALT DEFORMATION'

- ,

1 portional to the stress discrence and that an Eva rites are very common sediments and, . AC - -3 *

{ mcrease in grain size reduces the creep rate. with e exception of shield areas, they are8 jh _3t In a ddition, tbe defor=s tion of sdt is ins uen:ed found in allparts of the world;in aEe they range ;
'

by the rate of change of stress. In nature ibe from Precambrian to Holocene. Because of - '

:}g .

" #Y 1 buildup of stress di erence on a sdt formation their high mobility, at least in a geologic sense, .

: [y'i;
4 s a very slow p ocess. Additional parameters evaporites that are or have been buried to a j ; [

: i

d
-

g,p , . 7,#g e -

y 1.JI o m: ting the 12 ge-scale deformation of sdt certain depth usud!v show some deformation. jsfe. -
'

f ations are the thickness of the salt be s, When a postdepositiona! movement of the salt :
. ['pE .

" '-
-

.-*' the armount and nature of the icpurities con- rehtive to overlying and underlying strata i - -

I tained in the r.ah, and the presence of Suids. has occurred. sdt structures have been formed. j :

[;}g
c. g k::s't' In the individud halite crystals, the principal Salt structures varv from salt bed thickening ;

*5:

.t a =echanism of deiermation is bv trans!stion caused by modera'e Sowage of salt to verv ! r -
i

{ riiding on the dodecahedral cristallographie brge dia'oirs, where tens or even bundreds - '
3 6 '" ^

planes, although some translation gliding may of cubic kilometers of salt have been intruded j h)f-~t '
, .

also occur on the cubic p' anes (Cbbaugh,1962). throuth the overburden. Examples of all y
. RT _;. .

9Where sa!: has undergone extensive deforma- possible intermediate structures are known, and jg='' '

tion. a cert.ain preferential odentation of the a complex terminology has resuhed from the
- ~

<
- --

r.lt grains should be evident. However, the descdptions of these situations. i y i

] few petrofabrie studies on sdt specimens from- Sah antic!ines m linear murtures in which - ! !. .k
* the Gulf Ccas. area are not condusive (Cla- salt has accumubted and arched the overiving j

.

h"%
E

4 5sugh. 1962; Much!berger and Clabaugh, strata. but no piercement has o-curred. Salt i i ,

3 555; Carter and Heard,1970), but where pillows and salt noges are similar to salt anti- .L .

L@:
i

1 anhydrite is abundant, the odentation of the clines, usua!!y with a more advanced accumula- ,p . p
tion, but still no piercement. Salt walls are -

U
*

[ g*' :

, linear structures with very steep or subvertical
~

}; t

'

Sanks. From the linear structures, the localized
. fi=

|| ),,,..j .id | | || |! || accumulation of salt in areas of minimum [ [~ .

' "' ; , - i ..- - ; overburden pressure can result in the formation : H ; -
'=~

1 T~i~iI I ! l .V d of structures with subeircular and circular h |0 Ig$':.,
.

'

i

;,g" | | bodzoetal section. A subcircular accumulation iy ;, gg
,

,; j | | j ; t.

.= of sah that lifts the overburoen without piere- 'e .: e +

~[t' * ' '

i ing it is called a salt uplift. ,c. y [ pa!"i - . !v,
,

- U"~"i - When sah has broken through and pene- 'I- :i i. #
' ,,. I trated any eithe overivmc beds, the structures | j.i U' ' '

e
! p h

,

.I 't ''
i ! | have been designated as salt chapirs. salt dsmes.

___L =-|--| | ! !i
5 .J' "

! ! salt chimnevs. salt pluts salt stocks, andsli
j | J %.

hi| i ! i | || !! |
-

,.y,

a salt uplift satisfa:torily, but unfortunately
'

d I i ..eczem2s. Tne term salt dome seems to describe ;' I 's
h [ g y-

is generdly used in tehtion to piercement ;f
.. . = = = = = ec n n

~
"-FFigure 3. Stresortrain curves for hallic unpe ,

; ,

tsr.als d:ferced dre is cc:=pression at 1,000 asd 2,000 structures. M here several otapirs merge at p*
,

Nrs corf.ni:q p esb.tre and at dderen: temperatures depth into a salt ridge, the whole complex is j
[j '

**
* -

"

g Vim Handa and F.ager,1955). called salt massif..a t
-

,
-

.,,,

'
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Driving Forces of Salt Deformation In stage 2 a pressure diference has developed I -

Forces resulting from the seight of the because of the diference in density between 1 Nim
'Neverburden are always acting on every salt sah and sediments. The load at b is equal to tb: I W NNNNNNNNNNbed or sdt structure. In addition, horizontal weight of a sdt column with height bb" plus a 4

comaression due to tectonic movements may sediment column with heicht b"b'. At a the [ d -

'',g'//Meme,-f

,94
also be present. In some areas (for example. in load is os" + o"o'. It is cIcar that the higher j
Romania), tectenic forces have cbviously been the sut stru:ture b:comes the greater the I != -

imporunt in the deformation of sah. but in pressure diference between e and b as a result f D, M rE
i

~

cther areas the forces responsible for salt defor- of the density di6erence between salt and
mation rnust have been exclusively gravita- sediments. In stage 6 the pressure di6erenceis , n " ' " ' ' ' " ' Itc. .r.s1

. Ay''SMtional. at a maximum but no salt is left at b; therefore, L
Whe.n a salt bed is exposed to diferent no further deformation is possible. A very ;LI.f,E4%

press res at diferent poims, for any reason, imponant point is that prior to any deforma. ;/,qsa,wg,fff,j,,,,,"9
a pressure gradient in the salt will result. If tion the diference in density between salt an

d -_

' ~ N
this pressure diferencc is suscient to deform sediment has no efect whatever. ' ~ ~ "~~

the salt, plastic Sowage wiD occur. When salt Gussow (1968) has calculated that at the

M.M%~
is driven along the mother bed from high- base of a diapir S,500 m high located in the .mr=---.

pressure to low pressure areas, a geometrical Gulf Coast area, the diferential pressure due to e'~

change occurs that necessarily inSuences the the sdt sediment density contrast would b: ! - ,~,,,,,u,,,,,,,..._m' " u - u , ,

surrounding strata. Tne overburden must be about 160 to 170 kg 'cm . The above considen. JM92

uplifted over the zones of' salt acettmulation, tions are vdid only as long as di6erential I d,I.Mt
TcSEE

,

and it must be downwarped, or grabens must sec mentatien between rising and subsidi=; |'* _

be formed over the areas from which salt is aress or erosion of the uplift, or both, keep tb ;

squeezed out. Tne mode by which the over- surfa:e hori: ental. If the rising salt compacts .

Jburd:n adjusts to the deformation of the salt the overburd:n, thus increasing its density. ori! F %' ~-'

_ -F -. bed is controUed by its physical properties. no diferential sedimentation and erosion take ! - . $$While incompetent materials follow the salt place, the pressure at a would increase pro. |

mainly by stretching and folding, competent gressively, and eventually th: pressure d&- " "' " " " " " ~ ~ ~ "-|g d d
strama mav uncergo extensive faultint. A verv ence envir. sah from b to c would become cnsc 0

strcq and rigid overburden could even preven't insu6cient to maintain the Sowage. @ Q-
-

3 #'
salticformation aliogether. Once the varia- Piercement of the overburden and intrus:c:
tionsin thickness of the sah bed. because of of th salt can only occur when the str:ss k h , J.>
salt Sowage, are established, the diference in curted by the rising salt exceeds the sh:ar k- hhdensity between salt and overlying sediments strength o'f the cover. Logically, salt deforer
begins to phy a part that gains importance with tion should be irdiuenced in a very signiscant c.,

the progress of sdt accumuhtien. While the way by th: physical properties of the surround- 3,,, " " " " " " ' " q pjjgj e ,--

density of salt is fdrly constant at 2.2 g /cm', ing rc.cks. In many instances the overburd:s -m-p
the bulk density of terrigenous sediments is a has behaved as an incompetent complex foUos- [ . . i.g^
function of the compaction that th:y have ing the deformation of the salt bed. However. mta ,,.-

*

undergone. at th: time of th: dispiric intrusion, extenshe ,

Tn: density diference between sah and faulting of the overburden occurs, and th: h ,

sediments inSuences the deformation process / distrubance of th: intraded strata can be v:n &
becaus: it afects th: pressure applied to a marked. M' "

horiwntal reference phn: located in the sah Tn: faultint associated witli the intrusic: ( l #A
Nroves that the overburden be " " ~ ~ ~ " " " " ~ ~ ~ ~ ' '|;Q

bcdy. Figure 4 shows diagrammatically the of sah diapirs
developm:nt of a salt diapir. Let us consider haves as a siid5 hat has been expos:d to stress:s | *37V-

Man imaginary borizontal plane on which are in excess of its shear strength. The dispiri: .

located the paints c and b; the vertical lines salt rises as a plug pushed from undernen. ! W- - C.

. i.-@going through a and b intersect the boundary Becaus: of the plasticity of the sah, the shap:ci ,

the clu" will adi.ustpressures surrouncang the salt. For exam?~.' |
to the distribution o

inten:ct tne senace at c, den at c" and b" and e :.s ,s;e _ ;u.>w,ssug, :cSc.:r
., .

.._ ..
----

between sd. t and,overbur &;e .' ;m. --e
.

and b,. In stage 1 all
wh:n salt approaches the surface and n55 * * " ' " " " " " " ' " " " c cf $beds are horiwntal and no di6:rentid loading

should exist, unless the densitv of th: over- throu;h unconsolidated s:diments with den 54 | W**

burden is not uniform. lower than 2.2, some hieral spreading of thr Figure 4 Dhgram:.sde'

~
, . 2hi

T;)$
s.5=*
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,

surface structures; the horiz*

salt plug can occur because of the weak con- Timballer Bay, and Caillou Island diapirs,in I normal adjacent to all salt dia
Snement that the sediments afford. Tne study the Louisiana Gulf Coast, contains in excen

of 5,500 km of salt. The initial thickne:S of I on the east side of San Fel- 8

of the internal structures of several salt domes County, Texas, the top ofof the Gulf Ccast area suggests that the salt uit in the source area of the Marchand. A

plug advances in spines and lobes separated Timbalier-Cdllou Island salt massif has b:en - [ about 600 m below its nor
a
5

by shearing planes. The movement of the salt cdculated by the same authors. They state
area. Near Hockley dome,

that the volume of salt now present in tbc | Teus, the same marker hodr.
is probably jerky and discontir.uous, being massif, if distributed uniformly in the source- ly 450 m below normal (Parki

controlied bv the interphy of several factors,
rndaly work' harderdng of the salt, selaution

area, would result in a salt bed with a thickness I lei 5). This means that a m
J of salt,600 and 450 m, resp

and recrystallization, and resistance of the of the order of 4 to 5 km.
overburden (Ba]k,1949; 5fuehlberger,1959; In many cases it is evident that the vole.::J( 5;eeezed from underneath.

sinks. However, the whole stof salt in the sah structures is only part of the i
Kupfer,1965). total salt pres-nt in the basin. Wnen the source ; ulation should be reconstrue

ecessary Tha. kness of Mother Bed areas of different salt strt.ctures are sd! [ thickness of the mother bedb. c
from the evolution of the rir

Gec,legi al data indicate that a minimum ddined, it is possible to identify areas from
'

thicktess cf the salt mother bed of the order of which uit has not been drained. Even when
It should also be conside

300 to 400 m is required for the development the source areas are unknown, it seems 11cly
variations in salt thickness .

of dispirs. To prove that a minimum thickness that some salt is left in the mother bed, at } bed can be caused bv sedit
-

it is least at a distance from the salt structures, that result in differenti;
of the mother bed must be necessary, bout in addition, large volumes of salt have been | Another process that migh

,

;8

suf5cient to analyze the known facts a removed from many structures by dissolution [ eaceptional salt ' thickness i;
salt dispir dimensions. A typical salt diapir is or erosion, or both. When the volume. of capsliding of sediments. Gravin'i

circular to oval in section, with a diameter of
2 to 15 km, and the height, although frequently rock and the salt compcsition are known,it

to play an important role i.

unknown. is at least several thoeund meters. is possible to es:imate the amount of sd: that , sedimentary basins, and the
In the Gulf Coast area, the depth of the had to be disso!ved for the accumulation of g expected to be espedally se

-

mother bed is a minimum of 5,000 to 9.000 m. the caprock formation, but if salt was extrud:d of evaporites and fine se' dim
.,

In other areas the mother bed is mud doser at the surface. as in southern Iran, there is no
Lehner,1969; Amery,1969).*

~

to the surfacet in the ers: Teus and north way to calcuhte the volume of missing salt.
The thickness of 4 to 5 km.

The extent of the source area can b: esti. by Atwater and Forman for.

| Louisiana synclines, the depth to the Louann r sted from the spacing between diapiric rtrue.the Mtrchand-Timbalier-C
I, salt ranges from 3,000 to more than 4.500 m

,

! r.assif is probably a case of s
sions of w ch.piric family and hem the dime:rdeveloped peripheral sinks. Toe ( ryndepositional or postdeoctures in a dis(Aewater,196S). In the German salt basin the;

depth of the mother bed ranges between 3.0% term peripheral sink was propos d by Settletoois:ns. since the concept of .t

and 5.000 m (Trusheim,1960). In northem (1934) to describe the depression in the sdtof 4 to 5 km ofult in the e
,

,

Algeria the total depth to the d:apiric Triassic bed, caused by the squeezing of the bed as sdtbasin is clearly unacceptab
complex is on the order of 3,500 to 4,000 m moves into the area of salt accumuhtior. TacForman,1959).

;

(Bertraneu.1957). In southern Iran the depth downwarping of the over!ving strata into theECESSARY DEPTH OF .to the mother bed is usuallv 6,000 to LOD 6 m
peripheral sink results in il'e feature called rim j -(Hardson.1930; Kent,195'S). Therefore, it is

dear that the volume of sdt involved in single rvndine. The rim svnclines formed in the is
The existence of a thick

diapirs is r .any cubic kilometers.In addition to tial stage of salt cfeformation are called pri-
thxgh necessary, is not a st

' . for the formation of salt di:the'clusied saft diapirs of eviindrical shape with mary, distinct from the secondary rim syncho(!ME) mentions large areas ir
nearlv vertical flanks many bell-shaped dispirs, tha: are formed in the stage of dispiric intrusioe.

*
,

If the primary rim syndine can be recoe-
Zechstein salt, with a thiel'

truncated cones, are known. Tne

reserEblinf salt contained in cone-shap he Laked struc- structed, the amount of primary subsideoceo j shows little or no sign of .
leumP e, northwest of thes olurae o an indication of a possible " minimum" or;p:2tures can be enormous. For exarnple, t thickness of the mother bed. However, a 1 north of Hamburg is a large'

Wuhington dome, Piaquemines Parish. Lou- many areas the primary sinks are too deep f2 pe(4 to 4.000 m of seci;mer
n Salt akut 1.000 m t*

islana. contains 200 km of uit dewn to a depth obsersation anc the known rim synchnes c.
8 .0

of akat 5.000 m. The dep6 of the mother bed , .
a: ? on a basement rising r

is uninown, but it is safe to state that the total only the rehtisely shallow expression ,

volame of salt in this structure must be sel! deformation occurring during the last suF
9P" of l' to :', Apparentiv
ben, even to the im,tial stage"

.

of the evo!ution of the salt structures. Tu:(1936) has stated that the tcp of the McElre! | *eurredt instead the salt hin euess of 1,030 km (Atwater and Fortran,8
;

1959), Even brger uit structures are known: (Jackson, Eocene) Formatica is a good rure t $4nd uniform thickness (Sfor cumple, Atwater and Forrnan (1959) horizon in the northern part of the Gulf CM: Tr,trefore, burial under a s
esdmate that the u!: rnassif form-d bv therner;;ng at depth of the Bay Marc'nand, area and that it can be used in mappin;sd, MM to 4,000 rn thick is not i

.
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. @' 'q
o n\. a.

'
< , , . ,

I MO'
nin, in I su ' ace s:ructures; the horiw: is deeper than condition to initiate the flowage of salt. In j | | |i

i K ~~'
,

sh normal adia::nt to all salt diapirs. For cumple, oth:r areas of Gerrnanv there is good geologic .
j : j ? .g23:33or on the en: side of San Felipe dome. Wauer evidence that salt deformation started when ;\

.;

.as be a ab: 6% m below its normal depth in the sah was only 2,000 to 2,500 m deep (Roll,
'

4 74 3Co nty, Teus, the top of the McElroy is
. !Y f

.rchamd- / .

*

1956). It is clear that there is no distinct | ; F M. jues. Near Hockley dome, Harns County, micimum dep:h of burial separating deform- % ) ^J
:v s.ata* ': in the Teus. th: same ma rker hodzon is approximate- able from competent salt beds. Although the

'
. .

( .: q$3r'

: source ly 450 m below normal (Parker and McDowell, case of deformation of salt undoubtedly in-
q-

f j f ...
'

hicknees 195'). This rneans that a minimum thickness creases with depth because of the increase in [ f, :b '
soi sal:. 600 and 450 m resoce:ivelv, hu been temperature, the onlv critical factor in the fli1 ivo!um: a sque: zed fro = underneath thes:' peripheral deio'ution process is' the pressure diference 4 Lp.b[
-

*

si:ks. Hewever, the whole sto-v of salt accum. to which salt is exposed. f ! yStrt c' th: .

uhtien should be reconstructed if the original To reconstruct the initial phase of ult j4 5ie source
m . dl j thickness of the rno:her bed is to be inferred deformation, i: is necessary to analyze the' | f

-

h,1 ;. ~
from th: evolu: ion of the dm rynclines. variation in t..ickness of the beds of vadous I-as from -*

i p:n wb:n i It should a'so be considered that odginal geologic ages. so that the development of the hy!F i ?j
-

ns likdv Vad2tions in ult thickness along the mother rim svnclines can be determined. This can be hj '.

bed, n , bed can be caused bv sedimentary prxesses done "nly if abundant data from boreholes and p ,

/ j WR- 5u:rures. that result in differential accumuhtion. from seismic profiles are avaihble. Sannemann
.],

- Wg.

ve been i
Ano:her pro:ess that might cause areas of (1965) reports the cumple of a salt. stock

N'[b
:sdutio: ese:p:ier.d sdt thickn:ss is the downslope family, lxated west of Bremen. for which the

e! >

.l. ;j ie of c2a s'.! ding cf sedirnents. Gravity sliding is known ages of the rim synclines of the individual
'---

Q3own. [:
! .. g@h

"

I to p'ay as smp9r:a.n: role in the evolution of diapFs are known (see Fig. 5 for the spatial
. :

:

Wf-ctah tha: , sed: men:ary bains, and be process would be relations and ages). The Aregist diapit has a -

asoc cf ; expe::ed :o be eroecially active in scouences
|

g s p 7-@j; [g
'

Leh::: pod:es and he sediments (Dott,1963;
~ <Mg,IllidiiG f'

, 'j g 4 -

of eva.n uded
: : is no ,1969; Amery,1969). f ;

s

fh.l-

Th: :h::kness of 4 to 5 km of sal: cdeuhted I' ,sdt.
'

R*
y..,,..;Qgsii

i e z.5,i- by A wat:r and Forman for the source area of ! , e my g 3? *j , tm::. th: Muchaod ~n=balier-CaiUou Island ul: Ir

4 ,d fe ,i i.
,

.d s . -
F'," ,

d%ea. tr.udf is crobah!y a ase of salt thickening by C p__%f"h M
L ,

M ; |T M*'{ sy=dep:si:'onal or pns:d:fsitional mechan-
'

.1,.s. 1 ne
._ .~f:~ 9 w V-e2' , ei y g., isms, since the concept o, the accumuhtione.,,)etoc #

de ash , of 4 to 5 en of sah in th: entire Gulf Coas: r,qYg g_ _ _- - . L jp p.
'-

o
- ,

g,g-.__..- - F u. . phA basic is clearly unacceptable (Atwater and
MSTP.ACKH OLT ,

-
.

-

%g-
ggp _

h- _M_ -
, re. Ine Forman,1059). g-~ -

f-

'*" @ .N'ECESSARY DEPTH OF BURIAL 5 .5 2AD.ER'ET@ ;

.-

;,h[ 'Led run - jcw c
th: ;ci. 'n: enten: of a th,ick layer of salt, al- % [S_qr .

, _- _

_ q.y E--
._

i..?
. O q _6 ~. h:p y -?

--

;ed yd. theu;h ne::ssary, is not a suscient condition !K '
-

-

b!!Q h 5for the formation of salt diapirs. Sannemann Wye-ines 3 A%~-
y@H

p kg5 .)' r.:Ic:. (1960 mentions brge areas in Germany where 3\
p D # u r+yg" V Q--

f., #"?") ';i{(q [
t

~

R=- . 'pZechs:ein salt, with a thickners of 1,000 rr,': recom-
x! i

'

; ;i
}1 3 yyy'

desce is ; shews li::i or no sign of d:fom.atien. For #

4.s hwis HINAH [
$ gw[d

a' gcdging eumple. co :hwes: ef th: sd:-sixk fadly e 8 fr |guy',L ;g
s

~ D 1,?

4. gg4' i '"- "- i
.ve:, i: n:-.h of Hamb.:rg is a hrg: uca where Ze:h- 3 .fO'

-

l-pin abou: 1.0M m thick. covered by Q g- j._.;_d 7"' i - [j. L( gm, 52.:deep for

@1. (gg
[,

to '..r rn of s:dimentatt os erburden, rgie:s ut s-%',- %m.
.

des cf I US5 on a b2$ement dsing nortnward with a . .g#rd .|.
,,

< < " "48 (r['p/' --- , /. , ag:s step: ef l' to :'. Appnently, no sa!t d:fo. s
,

[. ',s.v" 9 7*.'%,Y Y EYI% ( fc g
'

: TC
. .A gg ;tion even :o the ini::2! stage of salt pillows, has| cceu,rt:d: ins: cad the salt has t.aintained its

.s. Pa::
'i'

. w [strey .

Qy_ uker j :,:i;i..d nyorm thi:kr. ss (Sanne:r. ann,1965). h ,pp,. - j.! Coas: r.tre: ore, aunal under a sedimen:ary cover
.{ '[

-

@b- g;y,
,

y.

. 0X te .C0 m thick is not in inelf a su5eien:
yg., s. chmoerhtie pan er uli.md fia4 in.g sub- a -

nenhwe= cenn e3 (fm sacoemn,196t). j [ b* ''
y

s.i. P&Tnii

: w-
, y a,- ,; 2.

-
-

- , z

', ,, Mb
.
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few or severa! meters but
rim svndine of Reuper age (l*pper Trirssic): plastic deformation of the salt bed. If pierce.

*

ment should occur anyway, the formation of I Kent (1955) mentions cau
the Ir:d and Stra:khoh diapirs are Liassic rim synclines might be impossible;instead, the( 1,000 to 1,500 m across. T*

(Lower Jurassic)t the laderberg dianir devel- overburden would adjust to the deformieg allochthonous materials o,,

a

op:d in the Dogger (Middle Jurassic)t and the

(
Scharrel and the Zwischenahn structurca have salt bed by the movement of faulted blocks.

occasionally provides geo!,
time when individual sahAn important consequence of the lack of a

'

(Ma'm - Upper ]urassic). Even fartber soutit, well-developed peripheral sink could be that j surface. If a conglomerat
a rim syncline of Malm-Cretaceous see

contains fragments of Horno cutof of the diapir from the source area ,

the Neuarenberg diapir has a Teniary rim would occur, and therefore salt intrusGa j age of the congomerate
svndine.The detonnation has moved as a wave would be arrested only by an insuf5cient doive evidence that duri

f'om north to South in a dr-e period of about pressure diference or by depletion of salt in ( of the conglomerate the
100 m.y. In Keuper time, when the rim syn- the mother bed. South Iranian salt dbpin reached the surface and ws

.

* ,

clir.e of the Amgast diacir was formed. the have a number of features that might be rehted I to conglomeratic beds
i For examp!e, the Khormt

mother salt bed nas bude'd at a depth of 2.000 to the unusual strength of the overburder.
to 2.500 m. Whether the stress grad;ent,

.
5 interbedded in the lowe

necesurv for salt Sowage at such relativelv Iraru.an D.iapn { in this case, a very ancien
shallow ' depth, was caused only by di6erential In southern Iran the mother bed of the

strated. Many other diapi

loading or by a combir.atien of gravisadonaland tectonic forces is not clear. However, if diapirie salt is located at unknowncould be even greater than the estimated 6.000
in Miocer c time. The fa:

- *depth that
f were already at the surfs-

tectonic movements occurred, as seems likely, to 5.000 m. Strong. competent rocks are stil } very important, becaus
3 they were limited to triggering the salt represented in the thick overburden (Harrisce, ) complex exceeds 4,500 m;

deformation through folding. Once folds were
formed, diferential accumulation betw een 1930; Kent, 195S). Whether the pressure

great part responsible fo:,

di6erences caused bv diferential loading 6d j gidity of the overburden
.

.i*
svndind and antidin21 areas furnished thesiress di6erence necessary for the Sowage -of Etually fracture seJeral thouund meters of ( During the Pliocene the

rine a'nd concordant over
overburden is open to'

strong, competent( lifted, and thick conglor
; '. question. If the contribution of tectonic forces f lated.Manydiapirs weresalt. ,

Ir.n,,uence of Overburden and the intrusion along prediapiric faults is3,

prop sed, a certain degree of alignment shoald postorogenic time.
| g

Piercement of the overburden and intrusionbe recognizable, but this does not seem to be
When salt outcrops an; .;

of the salt can only occur when the stress the case. On the other hand, possible prediapiric tains. the extrusion mus;
.

exerted bv the risieg salt exceeds the shear . tectonic alignments micht be masked by tbc) in many cases,is probabl-
j strength 'of the overburden. p3ysical mere recent geologic history, especially the t h'arnak'in Dashustan an

r ine
I .

properties of the overbardet are therefore an Zagros orogeny of hte Pliocene time.The mostspectacular examples of*

[ t in determining the
probable solution, therefore, is that the sah

ing 1,200 m above the le'

! ! imponant parameter
development of the dispiric process. Tne

'
deformation and the rise of the salt dispin plain. Undoubtedly, th-i '

I resistance that the overburden ciers to the bsted for a long part of the subsidence of thethe area is responsible f

salt intrusion is a funedon of the shear <trength basin. In this case the salt p!ugs never had sothe satt mountains. It }

and thickness of the rockt. Salt diap:rs are break through the total thickness of over that the very rigid over
I ; .

generdiv located in sedime:tarv basins char- burden. Extensive faulting is evident. espeddy | the formation of the ;I
actedted by extensive subsidenc'e and a: cum. in the Tertiary limestones, that could brsalt to flow until eith

c' ulation of g'reat thickness of sediments. In such related to salt dispidsm. depleted or a high

I
' Sed;mentary erwironments, terrigenous sed- The intrusive salt, probably of Cambs: .' formed so that its weighe i

i iments prevailt these shale and sand layers are age, typically carries with ita disorderi! i ing pressure di6erence.
igneous, and oc- ! reaching 1,200 m abo- usually quite incompetent. However, cases are assortment of sedimentary,ks. None of thesalso known where sne salt has pierced compe- isostatic equilibrium, t

casionally metamorphic roc
rocks. In the northeastern Texas and : colemn should be equmaterials outcrops in the area nor do they fettent

northern Louhians areas. the Leuann mother a counterpart in the normally exposed strat*column of sediments 1.
'

b-d is overlain by Late jurassic and Cretaceous igraphic sequence. The complex of alloch-ing the original drivin

nrata in which calcareous facies are well uit deformation. For a'

thonous materials is known as the "Honnut
re-resented. Tne thickness of strata it which Salt Formation" or "Hormuz Series."

sed. ment density of'

snu|d be at a de'pth oflimestone prevails is of the order of 2.000 m.
.

The large amount of esotic material that tx
,

salt has torn from lower levels and transponed ! cther hand, even in vbut the ngidity of the overberden was in -
suiScient to pr' event the formation of we!!- to the surface might be a consequence of txsalt is removed by ero

.

des eloped rim tvnclines (Atwater,1965). such a rate that perfec'

rigidity of the encasing formations. Th cemensions of most exotics are of the orderofsably never be reached.Howes er, an' overburden of remarkable
streegth and rigidity can efecthely limit the

_m_m.,
.
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I
p' jj furth:: complicated bv the plastic deformation
- ; .

i: m

- { f:w or severd m:ters but a few are verv brge. Kent (1955) me.ndons cases of Pdeozoicblocks resuhi:g surface Sows.(
|k i

-of th: sut masses under then own weight and
,.

~"i
! }1 7, ,.

g- ' ,,( l.MC to 1,50) = aross.Tne unigueness of the
"i : ,

abithogoes r:atedals of the honnuz Sedes gg pg g gg
,

!@!J:'~ d _.m^
~3t.-

4
o::as:oza v ::rovi::s geolope evid: ace of the Wey diapirs are charactedzed by over- :3 . >
tim: when'iidividual sdt dispirs reached the hanging Sanks. A generally accepted explana- q' .

; el ; ,.a y
) r.:-face. If a cc ng'.omente, dose to a dian r, tic:r for this feature is the growth of the sdt i ; ;
.

E
costa. ins fagmenn of Hormu: rois, and if the plug drough we2kly consolidated sediments 4% 1: !

k@p
,

of th: co .gomerate is know:, it is con- 2 i ;g
9:ive evid:nce sat dcAng the accu:nahtlos with d:nsity less than 2.2. Under these condi-| 6

tions ne rising salt diapir can expand horizon- 3i c.:s ]k of the co:;iomente 6: diapir had dreadyally, because the uncompacted sediments o6er
j b M -'

][ Q:pr aded i: 5,risce and was unde: going crosio:. limited resirance to ib: lateral spreading of
''" -y ,.,

For e.xample. the Khormui salt dapir gave rise the sdt (We" :, Ic59). If the d it reaches tb:
,t 3' n

y to co:glem ratic beds of Ho:mun d:tritus surf 2c: and rises above it, th: - t is no longer :D E 3 i''
y.

2
i:te: bedded in de lower Eocco:: tb:refor:, p; i'

supponed by the encasing sediments and lateral ;
? M N -~,

{ i: this cas:, a v:rv ancient extrusion is demoa- ;

s:nted. Mary c6:r dispirs reached the surfa:e spreading inacases markedly.
i, Miocene time. Tne fact that many dispirs

Tn: defo:mation is caused by hteral creep |<
.! :f
Yg|p

, '

f sere dready at 6e surface in th: .%ocene is under the weight of overlying ult.The higher| W!'

d
} v:.ry impanant, because the Mio Plio:en: the sd relief, the faster the creep that causes

nh p b., S
f j nj

be hieral spreading of salt. For such a situs-
compi:x ex::eds 4,500 m in thickness a.nd is in tion to take plac:, the rate of sdt extrusion ~p 1

_ Wo .
'

peat nar: ::spouible for th: s:rength and ri- must exceed the rate of salt removal by erosion .d W % *

| giditfor th: cverburd:n. Toe Mocco: is ma-and dissolution. This may well be the case for $5 h -(' *

,
.

.

!dgric:and cc:cordant oser th: older formatio:s. severd sal: diapirs in southern Iran, where, !s

[ Durie; the Pi.io::ne th: Zagros range was up- because of 6: limited rainfall, salt dissolutionis 3 4. - -

d '".f.ifted. and th':k conglomentes sere accumu- mi:C=al: h: wever,in the past it has been true i .
*

r
\ hied. Many diap!:s we : active in orog:nic and of oder arus as well. Salt diapirs reaching the ::~i i >

! h.j *
- '

.

posto ogeni: time.
'

;

suria:: are known also in a few other areas
.

.

When sn outuops and fortns hil!s or moun-
#

ains. th: extrudon mast be ve-v rec:nt and, char.:terized bv and dimate, such as Spainf
-

) in muy cases. is probab!v still going or_ Kuh-i- and :or hem Afgeria.
j . ] .f I

~

Y .:
':

|
p,

_

p

( Na:nsk in Da.sh:is an an'd Kuh-i Shur are two in rcrthwestern Germany; it offers a good[ . ]i
>

Figure 6 shows the Wienhausen salt diapir
' _.

:

{Ig.
2; # Tdt:

acule ex.ar:ples of sdt rooanales tos:r-
sp::1.200 m ab:ve th: level of the turrounding ex2:: ale of fossil surface nows. The diapir

.

[ jigggt

p' air. Undoubt:dly, the very dry climate of read)d th: surface in Upp:r Cretaceous time.
;in;t I .f g .t'

I th: a:es is resp:ssibb for the preservatio: of and tse st acture was buned and preservec ey
-

, ,

.f6s * .,the accurnuhtion of Tertiary sediments. '!h - 4;j
:

| 6: sdt r:ou.ntains. It has also been eroposeddat the s:rv r;id oserburden, by pr'evenung fior of sah are known; thev are usually called:d Pin south:rn Iran many examples of surfaceo

:- ,

.y j the formnion ef the pe:iphen! sick, causes sdt glacien and can extend several kilometers
.j: 1[ E

f g ,.

!! p<(m
,

sdt to Esw u:til either t : moth: bed is
.

high enough mountdn is away from the main salt mass. Harrison (1930)x
:

descibes se Kuh i Siah Tak dispir and asso-deo':ted or a'

A foir .ed 5:, that its w eight cornpeasares rhe driv- eisted sah ghcie in the following wayt j 'M wz =
so

'I h 0iy | its pressure diference. If the sdt structures it form, a dome shaped hillin a cirque bitten out
. | ;1

1:vd are in b
: i rese.in; 1,200 rn above plai: of the eenhern edge of Kuh.i.Burkh. Between pg.

f-se { isosutic et;.:iliidum. th: wei;ht of the sdt
J

I c-
weight of a 6: sa't and the arecipitous lirnestone walls lies a

;,;
:

| c:J; .n 6ould be equal to th:co".; r.n cf sedi= nts 1,20. tn shorter, neg|ect. nat.bc,uge,d ,Mey. _The sedgments follow the
1;;

. p - g
ve =

oc=a oc c c: W .ichn .anc w cucutar s,ahey g q g g.i -
,, 'at-

in; 6: ospiral driving cresrare that surted **"C * * * " ' ' ' * * " ' ' " * '*9 1 b dA' i- ' 6- MD"*
. f shattent.g which scatherec

I, sd: defo nadce Fe: a slit de.nsity of 2.2 and
; j

D: t *- ' ~pr* u :: a ne. casiiv. The intrunon is about a mile and a 5
;u:

sed.m:nt d:nrity of 2.5). tne m ot'.:t b.d k
.

,
. ,

weeld b: at a depth of about ,,500 m O the Mfi: .sh.::er, and from its northem side extends 4 -W~
', kh;; *'. y

-,31

:ed I,
c6:: had. e.en in very arid southern Iran, a Est to gue.like shee: of salt and gypsum. 3 milesi '

SU is : m:ved by erosion and dissolution at le:j and about : miles wide. ,

1 : i

.,

and gy; sum of the plus proper is y- y ..

tn:

| r:6 a nte dat penect equihonu:n can proo- ti:;:d ::d by oscrlying clay and sand deons. The
,

, e: sa.:
.3 ;c.- '

..

61v r. s:t b:::aded. Tse situados mig t be .: 4 W ' ' .:X8
' a y .-a

| q? h ^e.hWI

I1 r -Qe n'.J .m. h
.

;
.

. r, w:
q ' .. =_im .:
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e
-
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. [, Figure 8. Sketch may

.v,h ( Kuh.i Siah Tal; 5.P. 68
.I!(h.:($D

* * w:: f $.-,

y..Wfe$i
# / $If 4,/

3;g ,p:.|.4's'*.*O
- .prec s. sn..tvi ?

- sooo Kuh.i Shur; S.P. 69 - ?
K. ,- - g :y':6:

.

|:. , . Kurdeh. S.C. - Sah *.i.fu .

4 - v.4 o i i..ca e or ,*b -

I:
.: 'GTFum - Infra-Numm

Ni ...f9:f. X<v.v$(,;;. 4;g
_ { son,1930.)k ; 93 ree-sm ,

,, / e

{
- Figure 6. mechausen sah diapir, northwestern was well advanc d in upper Cacnpanian time when }-

j. * Germany. This ocis section indicates that in 1;pper sedia:enu surted to accumulate on the sah(from schon, iba #' " w has occurred
i

Cretacecua ti:r,e the diapir reached the surface and 1956, aa ndapies by cussovr,1968). ' to h,orizontal and that
,

t

.i formed a mounuin of salt.The sp-cading at the surfa:e ca ned along; therefor
"

hs
8

E, * slopes of this bilj are in =arked discordance with the A few kiiometers away lies the salt dispir of amsm of Sowage mus

E .
sien of the saline sheet, markin;. apparently, the Kuh+Gach. It io;ms a' hill of salt more than : defermation of salt. TI

g junction between the limits of the plug and the 300 m higher than the phin. On the south side ( Do"~ age of the scarce

gbe>er': thit slopes outurcs at about 3'.The edy-. of the hill, salt spills over the plain, where it dissolution and recrvs:

. p., of, the sheet rues steep!y from tne alluvium witn forms a tongue-like sheet about 5 km lon .To acd might deserve 'ir.q
.. .

' "

wcaca st is to cor.uct te a begat of from 50 to 200 capir h.as a &'ameter c( abom 2A00 m. Once Inn as i11ustrated in Fim

E feet The surface is irreg ar. and is seamed w:th agaan, the surface of tne salt shows a sharp . resently available tc
}t sheet. Herefore,-( crevasse-like gul!ies. Patches of epidotiaed bar.it. &scordance between the hill and the glader.

,

brown siliceous shale. dark and stri:.ed limesiones.

[ a.nd red sandstone rest on the main mass of the The margin of the glacier rises steeply from the Pret th.s and many o

{
sheet, which is large!y made up of sahy gypsum. io alluvial plain to a height of 15 m or more. Toe l iutures. At the time c
that the white base is variegated by green. brown, salt sheet has a very gentle tilt outward from grouth of the diapir,

the diapir to the ce'nter of the plain. Figure 7 was formed which, tb black. and red. .

shows the Kuh i-Gach salt diapir with in
*

spread over the pla! The plus has cut through Eocene and Oligocene ,

salt *" lacier. Figure S is Ha i removed the salt mot
associated, etch map of the area show.rrison's | latera! Sou. present r[

b,mestones co the northern s,ide of a great antichne.

T oun$er rocks are cosered bv alluvium.
The

Oo,3% u, ing be-
n

distur ed contact aone has been removed bv rehtionship of five salt c2a . great y reduced in th_
Kuh+Siah Tak and Kub : prs, incluing tbc

1
cresion. It was probab!v intruded after the rnaina -Gach, with tb=- t ution of halite, ar

k foI&ng mevements in Pliocene times but this can.
i not be exactly octer:runed. sah g'.aciers. The important po.nts are that }*ntirely of pypsum. Ti

* sah sur: ace at the E
! *nc glacier may be es

* .

/ . u. . .. s , .

p*aa .rowtr. of the mapir.
{ ,, /coctwt ensuu - * s Figure S is a map of,c"Sw ,

,f' inis salt mountain r.Ruh i-Shur (indica
r

''~'
-

i - fs??~g.- ,_ _ w. _

--

{ _ % o,acit/
_.

-

, ,

the ."el. but only
; ene;osjng gg-**ts cattactous'j

'Prtading has occurred[ Figi re ". Kuh-iGeh sah plug and associated salt glacier. (Redrawnfrom Harrison,1930.)
.*

i
:, *
.
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Figure 9. Diagrmmtic secdon of Kub.i Shur salt .
,

! n:

i j.h .,7;g'.%. '-

plug (S.P. C in Fig. S). Oricotadon of section is j'N : ;

Qi rn j hp '-
jcu mest. S.P. - satt plus; c - cretaceous; E - p,. -

g; Emne; o - oligoceme; M - Ecene. (Red-swn { j~'
4

f* ,f[,._, | && M' ' " " ' " " ' ' " *
&'.~) MM, '~

a s %.- e
.

e-.=,.=.=a.
hg,t- rf

.,..

---w,- ^ ---

d -- 4
~. a'

~. s -R
~ .

. a
-

i: % M2 - .
; ..y

_ /er .
,

l
W 7.%m'i :::::.j
:k/f- section o,. :he k. b . s.e nur. The.m:rusion of .;

- p. gu
i " \_i-

this diapi: is verv recent, and probably sah is : M P.hp' e;,'

-".) N '"
,

- stil' rising. In th'e future, if the sah rises fast
$@MF

V9i -M F'h' Soc i

to comp:nsate for salt removal, !
'

j'43 g . -: . ,,g _,c ~~#;g fQ'"' . ''~ enough ,

Ap' - -.; erosion sill remove the sheath of sediments !

surrounding the salt plug, and a salt ghcier k j
;,

"*
-

~ ~

' ^--t : TG; ''' '~ *

rpre 1. Sletc.h e.ap of sve sd: plers. S.P. 46 - will spread on the plam, probably toward the ! '!d ,3 disl '
'

.
- '

i 16.;.5bh - al; S.P. 68 - Kuh4-Gach; S.P. C - west. At the present on the west side of the . |f M iI' ' "

to.l.stur; S.P. C. - Nhf-i-Rah; S.P. 70 - Kub-i. sah mountain, where the slope is very steep l I Nh,

* % ".woe
1 Edch. S.G. - sd: "claaen"; c - cieuen.us; (Harrison,1030) mi ! 5 O' -

C9s:=> - 1:ba.Nu=u=uli:ic. (Redraw fem Hars
m I il j)';e'

.

.

and the character:sti: restlessness of an Alpine .;
"h,. . . the topograpbv of the salt simulates an ice. fallN

f r.*: -

' .

glacier is also ccoied. Sharp cracks are heard every I! - '
~ 3 L*h* *

M f ::: fow his 0: curred c: a surface very close f ew rninu:es, and disbiged ingments come rattling h {s -
,

3h!%44.: b::m. .n:al and that large c.sode.s have been ..p. .
1dom 2.

jd. b :2r.. ' k. :.m.q _ _.s n: 2.iong: th:refore. :n.: com:nant mech- ~4
,. l.. .

TINhf |
'

- tds : ci fong: cus: have becc tb phstic Wher: :he sah surface is steep. the downslope ph i_h !'7n,g sier.2:io . cf sah. n: efect on sah g: acier me: ion of salt fragments can become an

g ,;6e ; i"a;: of 6: sca:ce rainfd' and asso:!ated ir portan: rne: .anism. The resulting s:cumula- }i
; g g

_

e 3 '

ad.ution and rec:vs .M'izati:,n is no: knowc tion c:,sd: cetntus might uncergo cementation q
U[
p7 . . #f

here it
a:.d :C;b: d:sc:ve'invesdra:io=. Cleady, a: to form a sah breccia. Figure 10 shows the !; ff V' '

,hne * i.a: asi'Ius:: :ed in Fipre 7, no: c:ough s:ress D2rb2s: sal: diapir; the motion caused by [ ;hg 4.f - 1- g

! g. h . -L
-

::p::s::dy a aihb:: to cause se Sowage of :h: g avity is evident. Th: term " Sow of sah ,g2, o .

3 :.: 6:::. -"i::: fore, i: is necessary to in:er- b:e: cia" used by Ken: (Ic55) to desen,b: this J g17:pf 3ej * ::: 6!s and =.acy ode: gh ien as residua! feature supports the idea of downslope motion
*

$p -Jo ge
rE"Be ia:ues. At 6: ti$e of the max.ir urn :n of of sah i:agmen:s. Phstic flow is taking phee 9

.d from rwd of th: dissir, a high mou:ain of sah in d:p6, unless se stress has dready fallen
' if g q:t

-

'ipre ; ns formed which, under i:s own wei;h:, below the yield limit of sdt. A similar case of d t r

. g.ds.o:'s. :=lered the sdt mountain and most of the salt has spread over t .e Quaternary alluvial id [:
g

~.is its . i: ud ov:: the phi:. 1.a:er crosice h23 sd: Eow is shown in Fi ure 11; apparently the ;H* -

gg -
..

D [.i> : ? J.:,, & . at: al now. Present residual sah glacien are phin. !. !' j

sdt is a no/ mal geomorp,Ja:ture and by 6ow;h.([' :;:;
7 Tu:iv redu::d in this. ness, mosdv hv dis- F_sse:tiallv, the evolution of landforms on

- [; . & . du:i$ of halite, and consist oo' .I iShologic pro:ess. Salt, .

! . Q -- *
Ja"lenos:wthd;

. :he surface. fails by5'I70 Cis''?f2: Yht dII:It3C i 5ID Of 8:
':::r. su-ia:: a: 6: b:.m '.2:y be-ween c?iap;:t:: wo failure me:hanisms contribute to the :I 3 ;m

,

1.re tha'
,

f

.
. f;$ ,gM

* c: p:ie: :nav b: caused bv th: con:inued richal 2: tion of mass movemen:. The driving || '

i l g ']gi;nrch ef 6: diapir. energy of hillslope evolution is furnished by
'

!.g gFq. : 5 is a map of 5:ve:d diapin. indudicg gravi:y. The case of deformation and the
e

.,5

: K6: Sh.:: (indi:med as S.P. C). Th: tcp solubili:y et sat cause a more rapid rate of ;, ; ;m-ggp*;
- ' " '

[% {g? ,
$a| ::~2:> : .is sah rnountain dses 1.N0 rn base cla'n esolution of landforms on sah than on other y *.

' b: bu: caly :he sumit is free from' th: geologi materials.Tne s:: ion ef rainfallon the g q p|

no la::rd evo,lutien of sl. opes on sdt in arid climates is ! q ', pa h.:1:rin; . s-diments:. therefore,
-

'cg vg y,:,,, . . ';. c..D .0g :.23 o:ce!:*:. nge:e . snows a c cis proO2o.y sigruncant.
.

,*
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g, rate averaged eye, - ', '

( the stage of salt p;g~ '
Sg

$ conoitions of the salf

{
bqueen salt and .

*

uruform: therefo --, . - . . .E $3e),i..-

.'
.;[ ec.g. . .c w'.:rh.TS? ' ,'g:,, g , .

| fioW of salt is pro. :. ,

$.
~

- b | e sjIejy ch,*g .
E, .[[.

Tram 4Y UWESTONES

T ERTit.RY [ forcibly broken a d'~I f $. Yf '
,

ance tftat the ese*
--

i .- c.9 :7 / / .%_.
' ' uvts Osts y

. .w.;.7 . / .L w plug changes mark --

- :'~' - -.--f:.:.N.
. .. | faulting. Tnerefore,,;-=.E-Mp. ,;

%---

f movement seems thM"*
-

2 ,,'\ Q sJ .,,, J \ Q .r^

diapir growth. ,-3 3

e $__.
( Berchert and Mf.

<~~)$
cuavt:.

f.
review of the pmbQrt.N- ~ ~ ~ ~ ~ ' ' ' ' - - - N -

usual rate of diapir %'%N

/ M than 2 mm per yr. AtQ/.

/ s.s St.LT Mt.SS tween salt and overl '.n"p=e:.
; reconstruction cf the *-q.

|
5 km across sod rises more than 600 m above valleyof salt emplacement,3jgj;s

-Figust it.Darkst uit plus, southern 1ran, showi.cslevel. (Redrawnfrom Kent,1958.) ( (1959) cescribe severalg

ssrpa c,f Tertiary timestonc cosered b} Son of salt
( '.hbreed.a. Diap'a mith its outward 60% ocasuresbut the pressure diferences are much less and tbc( \#"" ['N

*< .

RNI'E OF SALT DEFORMATION resistance of the overburden is higher; there-\ , ,3
even considering the higher averagt

1 D[
'

# #fore,,I la the abundant literature on salt diapirirm temperature of the salt, due to the greatershould b* Ib! severd estirnates of rates of growth can depth, the rate of movement
be found. Most geologists believe that salt r-dtkedly less than the rate of growth of a I

) 7
s

deformation is a slow rocess and that the well develr ped diapir approaching the surfact.*oc

| actus' rate of growth o. salt diapirs is of the Trusheim (1960) disagrees with this view, and( E
,

reports Sannemann's conclusion that for theGerman Zechstein basin, the average rate of j
"

order of a few millirneters per year. Tne rate l

of salt movement is not the same in all phases
,

of salt deformation; it is probably at a max. salt mos ement, on the geologic time scale, has; {#* { j j1y;

h i | | |3l.been 0.3 mm per yr. Surprisingly enouF .imum in the late stage when diapirs are
52nnemann found that the flow rate of 0.3c''?:S."$apptr. aching or reaching the surface. In this 6

mm per yr was roughly constant both in thephase the pressure diference due to the salt. |
,W Jr-e'- % ''02

iric stage of salt pillow and salt anti-
''

sediment density contrast is close to its ** Z
maximum, zod the resistance ofered bv the predia!ormation and in the domir.antiv vertica!
overburden to the rising salt is very lirr.ited fiow of the diapiric stage. It might be possible

!, ! ,,*cline " * .

f iw ;

or even nil when salt is exposed at the surface. to reconcile these two opposmg pomts o v e , __

.

10 the prepiercement stages oisalt deformation,
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1 ],7 $%!
ccaidering that the 0.3 ram per vr is a Sow strable historv of salt emplacement extending*

i - .:j.;;ggy--

I rate averaged over geologic time "b_riods. In over many rnillions of years. An cumple is
( the stage of sah pillow formation, t physical fumished by the towa salt dispir, Louisiana, { :hjl.hy#n_ -

* ;
l

'~-
* ,

f. -

g conditions of the salt bed and the relations shown in Figure 12, for which sever 1 phases

U. ;! 84('h@2g.Nh
-

b: tween salt and os erburdes are essectially of uplift are known. It is interesting to note . I ilhp!
'

:l . ,i that the accumulation of oil is rehted to a .udform; therefore, a continuous. uniforr's
j f.ew of salt is probable. In the diapiric stage fossil "high" caused by the Oligocene Miocene .y lg. g s g j'

the situation is quite different: salt rises through uplift and not to the axis of the more recent g i { b, g g .r g
uplift located about 1.500 m south. The dis-

~

:i g/ i g, g g
e fprogressively colder sediments that must be
'

fcrcibly broken and pushed apart. He resist- p.acement along the major fault is clearly j

y; h. $a%p% 4
t .'hV,nmg,

an:e that the overburden offers to the rising caused by the youngest phase of uplift. This ,
,

, ggg '

pkg changes markedly as a function cf the fault can be traced to within 450 m of the g a
D gg, '

. favidng. Therefore. an irreguh:. discontinuous surface. j

h,Qgy;:r:m ement seems the rnest logical mode of Borchert and Muir (1964) report Lotze's 7
.

diapir growth. observation that, in Spam, n,smg diapirs of
;q;p? g;@'E

' Qty,w.,
; .N- e

( Borchert and Muir (1964) condude their Keuper salt inSuenced the thickness of sedi-
review of the problem by stating that the ments accumulated during the Upper Creta- hj
mal rate of diapir growth is probably less ceous. A very limited thinning can be detected . Ip q.,Q p;r. 5

|!d. E.I 9::pfg
p g-gg, than 2 mm per yr At times the relations be- in the Cenomanian sediments, but it becomes J, ,

..
- .Q.hI rneen salt and overiving sediments permit a quite apparent in the Turonian and very .1 ; 1

3!%[h9')
-

[ reconstruction of the long and complex history marked in the Senonbn. Above the diapirs,
'il 1 iii

'N i cf salt empbcement. Atwater and Forma'n the whole Upper Cretaceous succession is [[ ',U '* Q-

'[jf
'

often less than a tenth as thick as in the sur- -

|3( (!H9) describe several diapin with a democ--
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rounding area. Le only logical explanation 1965). The discussed diuppearance of the work- f
5" ^ ' '

I
is continuous growth during all this time period. hardening ef'ect around 300* C has the result q.ei ,*

A simihr situation is probably occurdng in of keeping the nte of deformation constant ( t
Y-C**

several present basins, as discussed below in under constant stress, but it does not reduce 3

| rehtion to the Sigsbee Knolls, the equivalent viscosirv. Serata and Glovna 7E U
Considering the complexity of salt deforma- 1959) have found th't by increasing "the - N 2.PMda

tion and the many parameters that can actively temprature from 27* C to 410' C the rate of p, -2
'

,

3

modify the forces acting on the salt and the the tnnsient creep is only increased by a factor ;* r.: .-g
physical properties of the salt itself, it is no of 90 and the nte of the steady state creep | 1 ,,, -Q w---#ig%surpnse that diapir growth is not a regular, by a factor of 75. The conditions of the exper- g

g

I Jeb;uniform process. Bdk (1949,1953), Muehlher- iment were constant pressure of about 50 kg/ y [ am
*

ger (1959), and Kupfer (1953,196S) have cm and no conScing pressure. In the nage
, My?s ,ce

7
|*o hdh.

studied the internd structures of several sdt between 600* and 750 C, Christy's (1956) w..

domes in which mining operations have been expedments show that each 100* C temperature
conducted and conduded that salt advances decrease causes a 35-fold increase of the

l I <,%se

in spines and lobes separated by she2 ring equivalent viscosity. ( ex

phnes. Tee salt movement is probably jerkv In this context'is is acceptable to use the * S $:=e
and irregular: possibly phases of dispir growth physical propenies of salt determined by ! 8 ' - t s.c

** *QSo *o '

are separated by pedods of stasis. He slow rate laboratory experiments, because the surface i ,

*

of growth has been questioned by some authors Bow, as propo ed by Gussow, would have I c8tm.,

who . .a.intain that the intrusion of salt diapirs occurred in a time span of comparable duntio::. |
Nun u. %2g

' # ** * * % =E
-

~d
in a geologic sense is a rapid, even a catastrophic Bradshaw (1970, written commun.) has cal- i

7-dN+

process. Usually no quantitative definition of cuhted the time necessary for cooling to (
the terms rapid and catastrophic is given. condidons of thermd equilibdum of a surface more. For a 5 k=.longQ,

Eew and of a uit disoir (Turner and Crowe!!, g advance would avengess,4

is assumed to be 3b|'rature at the initial time
On the other hand,PThermal Cons.deran.ons 1969). The salt tem f, i

C throughout the salt I glaciers is of the ord=M
Gussow (1965) mentions the surface salt* '

Sows of southern Inn as proof that the salt mass, as it is required by' Gussow's theory. year; therefore, it wou'dFiis
rties of sdt salt at 300* C ro have aP

Table I shows tbe physical pro (tion. Figvresubstantially lower thei'breached the surface still hot. Therefore.
and sediments used in the calcu

' .
Gussow's statement implies that salt moved so

th of about 9,000 m 13 shows the rate of cooling in two salt ) cosity ofice. Occasior5dM
rapidly from the defy critical temperature Sows 50 and 100 m thick, respectively. ToI, exceptionally noid adth
(wbere the supposedi

! of 300* C =Ignt be reached) to the surface simplify the calcuhdon, the sdt Sow is are due to conditions cui:n

that no appreciable cootog had time to take anumed to be of uniform thickness and insnite I,
acceleration of the cmp @3me;
the basal layer of the gl

phce. It should be noticed that with such a bodzontal extension; in addition, no beat loss
high nte of intrusion the beat produced by downward to the ground is assumed. Since the Since the equivalent use:Q
internal friction would substantially affect the heat loss to the atmosphere should be control- order of 1028 poises, I to2ad

i lower than the couivald:ntempenture of the salt. Even more revealing ling, the error introduced by the hek of doo-
about the implied rate of salt deformation is ward heat Sow is probably not greater than the | and since es en at $00* CG

the fact that the surface Sows should have intdnsic uncertainty of such calculations. It is ity of halite is hi;her t1:$

taken phee before cooling of the salt below clear that if we assume that the surface 6ow ! inescanable condusion iif:r,
-

300* C. can enly occur when the sdt temperature is i salt E'ows at the rate ofE
Therefore, the time avaihble for the surface close to'300* C, the avaihble time varies from I physicalh impessible.ltisifiii

. Sow has to be assumed shon or the salt could several months for a few 50 m or less in thick-|
salt glaciers are due to nor=if
processes and are nc.t aniBnot remain hot. One of the salt Sows descdbed ness, to several vears for a Sow of 100 m or >

| tempenture. O*

by Hardson (1930) is a sheet'ike tongue Ficure 14 shows the nted
extendin- for 5 km on an almost bodzontal
surface. For such a now to take phce before us.t 1. rs:ca. natmts c'se a: stws coluan reaching the suriin'

#" ' " " " " " " " ' " 9.000 m and the diameteb3!appreciable cooling, a very low equivalent I the dimensions are coc*
=

s.is sw.oviscosity of sdt must be assumed. On the con- ~ [ of some salt dispirs of thej
tury, the avaihble evidence iodicates that 3,n, g,,, ,3 2,3 2.4

Southern Inn. To simpli'r m:
tbe equivalent viscosity decreases smoothly

,

1,,,e . m.u, ,,, , g., ,,u , u-,
(" ' * * ''') j surface temperature has heawith increasing temperature, and no sharp temperature st the depth oW""*"*""''"''*W ' ' ' *,

change in physical procerties of salt exists in
tb temperatltre range"of O' to 750' C (Ode, ; to be 300* C. Additional %''""''"'(*'''"1 85" 'E

.4
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Firure 13. Theoret.ical temperature prordes of sal times of cooling. ! |( h. ..

-

uration.
. has cd- gen pt,0 m and 50 m tEck, respectively) after various,

! it
*

t
ling to -! | 1i r!M i ~ g' F Til Msurface more. For a 5 ksn-long salt ghcier the rate of are that at 9,000 m from the center line of the

i' .

! 5% .

{ advance would average several meters per day.
rowd.1,

-
<

On de other hand, a typied flow for ice plug, the temperature increases with depth.

'' M%$ %in t;me
(geothermal gradient 32' C/km) and no !h

i '-

hden is of the order of several meten per temp-rature variation is caused by the column '
ti>e uh t %

L :}?jg $F gg.'Qytheory,
yar; therefore, it would be necessary for the of hot salt. In a time period of the order of 1 to .!

g
; er sJt

sah at 300* C to have an equivalent viscosity 2 x 10$ yrs. the sait structure can be considered g.

fg3rft*%QFigurt subsastidly lower than the equivalent vis- to have reached thermal equilibrium. Brad-
t b gip,h {wo sdt ! co ity ofice. Occasionally, ice glaciers undergo .shaw (1969, written commun.) has made j,

I
H$ptfQ,3

elv. To ! eserptio. ally rapid advances, but these surges
additiona calcuhtions for a salt column with D;

it p-t
Sc're h are due to conditions of instability afecting its top 150 m below the surface and diameter of y

g- M g,1;

| ;: p;t 21 gg |
*irinite th: basd hver of the glacier, and not to the 1.500 m. but the rate of coolint is not markediv :,

3 eat loo a::chration'of the creep rate (Robin,1969), diferent from the cumple of' Figure 14.' ! , ;: N"9 gJ$ <

! UI 5inee tic Since the couivalent viscosity of ice is of the
Temperature measurements in salt diapirs ' h|

*
.

!. 31
~

control- ord:t of 102tpoises, I to 2 orders of magnitude indicate that the salt is usually at a somewhat,

,

>f do=,r
, kmer than the ec[uivalent viscosity of halite, higher temperature than the surrounding;i {4g$1; !5

than th: !
and since even at o00* C the equivalent viscos- sediments at the same depth; however, this i t4

p
,ns. It n

itv of halite is higher than 1028 poises, the does not necessa'rily indicate a lack of thermal 9 [ Si
=

! irreopabh condusion is that the advance of #.

2ce 6er
equilibrium, but 'simpiv reSects the hiature 6 i

salt flows at the rate of meters per day is therrral conductivity of' halite. However, gh j p4
ies frt== I P picallyimpossible. It is thus confirmed that in h i| Fh

{ presses and are not an indication of igh saltsdt glacien are due to normal geomor hologic particular cases, the' salt temperatures might
i i' - 4n thid:-

be anomalous. The two main causes of theX) m or i '

h"E.Flack of thermal equilibrium could be eitber L
|

l tenperature. '

the residual heat imm an originally and uni- j,L .Q
- -.

, Figure 14 shows the rate of cooling of a salt formly hot salt mass or the heat generated by
1 pi'-

i
mmm j

m'nt. rea:hin- the surface: the heicht is interna! friction in a presentiv risme salt plu .
,

g '''; e'0: and the'diameser is 3.000 mt therefore. The distribution of temperatures'inside sa.t6 F- %g

ik ~ ~ -12'5.< = cime:sions are comparable to those
*iSne uh dispirs of the Gulf Coast or of structures might furnish some indication of the

3
, ,

T.7~~ , t#3

' y , ,c . "Prn Iran. To simplify the calculation. the rate and mechanism or diapir emplacement. V .d,[k;p 'hh?.,- i

,

-

e.a:e temperature has b-en 6xed at 15* C; The rapid intrusion modelimplies emphce.
. t y .

,

.

j
*i'$ 5:nt':rature at the depth of 9,000 m is atsumed ment of salt at high temocrature and termina- d *: &'

tion of dispir growth when salt is depleted in i iP* _
,

u b:300* C. Additional boundary assumptions the mother bed or when the peripheral sinki | Sf; i
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.ngE the supply. Tne model would be sup- salt emphcement and not of the rate of in- ;
3 h v%,

+

aned if a diapir sere found where thermal trusion of the diapir.

h(
'

1

Mg ,P- '-uilibrium has not been reached and where
.

i
hpentures are generally high, with max- S. bec Knollsigs .

gy -

zum values at the center line of the diapir. In recent yean many diapiric structures t - - Q%$ ,Tith ibe slow intrusion model, the salt is at all have been discovered under the bottom of the : ! 3.It-i:::es in thermal equilibrium with the sur- sea. Salt diapin exist not only on the con- | ,k | g: " ~ _ M '3 --

a:nding sedirnents. locally, zones of ab- tinental shelt in fairly shallow water, as in j I g ~
t

cr= ally high temperature, caused by internal the northern Gulf of Mexico where by 1965
h ' bd. ~

, ,

S* -'
i.irtion. could be observed where salt is under- close to 80 dispin had been drilled for oil, but gg g_t

'.deg shearing. Therefore, the slow growrb also in deep sea bas:ns. such as the central partI ) w p5DfM
v.dd be sup;n red if abnormally high tern- of the Gulf of Mexico. In August 1965 Cha!- [

h'.b "M
2

Ienn:res were measured clow to the boundarv lenger Knoll, one of the Sigsbee Knolls, was ;
,

.g
isdt dispin or in associadon with shearin'g drilled in about 3,600 m of water, and it was [ ti M C 5r

,oes. Selig and Wallick (1966) have calcuhted proven that these small hills are the sea bottom g . . , Mf-.3 . .:% beat generadon at the boundary of a expression of salt diapin (Ewing and others, 4
i #a- N - i

5.s :r growing at the rate of 0.25 mm per vr 1969). Tne Sigsbee Knolls are located in the I 9 4 #. E .- .

found that it might afect the distribution verv Sat Sigsbee Abyssa! Plain, which occupies
.

Mr it *m
i temper 2ture in the salt. Since actual rates the'dee st part of the Gulf of Mexico. I

I growth can easily exceed 0.25 mm per All t. e observed data strongly support the } .

[.'g YE% .' . d
i r

hg w
some temperature distribution related to interpretaden of a dispir growing at a rate ;r '! M

,

OEN-T. ~ 3'i_Edoc heat generadon should be recognizable. simibr to the accumuhtion of sedirnents on
J; -

. _m
!

'sinteresdng case is reported by Wynn (1965); the abyssal plain (Ewing and Ewing.1962; r i i . .$:.
.

' -

W #g1..;.c oil ue!! dri!Ied on the nortbeastern S2nk of Burk and othen,1969). Figure 15 shows the [
.

E-. "D-.

i hferson Ishnd dome (see Fig. IS for reladon of the salt dianir to the surrounding :- i j

k@.
5 .

WM ^

.:stion) had to be abandoned when a localized sediments. The abyssai plain sediments are hif li i PMw s;e: of 230' C was encountered at a depth mainly turbidity " current deposits with a $ Ih j jfQ - 1 % w)i g h.istnut 1,500 m. pebgic component that was less than 25 per-
@Mi . pi- .m .$r]3.;;;g%..cent in the upper Pleistocene and Holocene. !' g

. t * m .' gu.#e. le Brecc.a>:r. A 1
"3

..

n r e- dIn the lower Pieistocene and Pim.eene turbic.ates
,

,

-

d r e 6pty~:ased
, On: 5cre voice in favor of the rapid intru- made up a little more than half of the total il. ; d g. geyr jg

m theory belongs to Outmans (1966), obo sedimentation;in the upper Miocene turbidites g| '
3 ;3

ddss that "the rate of intrusion is explosive were again predominant. On the other hand, m [. d t!Mg,; '.( "' '
..

h:e a geological time scale once cridcal states
: istress have been obtained " To support this all sediments cored on Challenger Knoll are4 g N f- % ggt . ,

,
.

. pehgic and the drilling was stopped at a depth [h S &p'"

% p g% M (%y E 'u:ement. the fauldog r.9d fracturing evident of le m below the sea Soor in the cap rock. I! :. 1 -

a tcz.my shales pierced by salt diapin are The cap rock is overhin by sediments of upper q~
' o

ec= domed. However, fracturing is simp 1v the Miocene age. The lack of turbidites on the |? - Xu y-~.pd~sm
Wm release of energy accumulate'd in Challenger Knoll proves that this dispir has j, ' j ]' Q.5GW::ened rocks and dces not give any indication caused a topographic relief suscient to prevent : 1
= the rate of accumulation of the strain. The turbidite deposition, at least since upper

,

*!
'

M)h k
>- - +

.bi:11 properties of shales depend on the Miocene time. The thinning of sediments on ( [ H W.% . ~
.v.: .

WC
: ==nt of compaction they have uodergone. the Sanks of the knoll, as revealed by the ij % u.,. -

. = dero =pacted shales are quite competent seismic resection prc51es, strongly suggests D .j <
: i

ec defo= pri:narily by fracturing (Kerr and growth during sedimentation. Of coune, some }| i[. th - %{;e:W.
pN

*/p.1955). Sha! s that are weakiv com- of the thinnint is caused bv diferential com- i. b --

*ned. e:ther because they have never been pac:. ion betwee'n the thick t'urbidites and their g |- p y '7 *gh.
,

"::ted to great pressure or because they did pehgic eguivalent on the knoll. However, L ; ; . g f'.Wg" ' r.::;:M' ~
J a-

" *e the ecnnate fuids, deforrn mostly bv downbuilcing cannot be the main process at ! ! n
**'ic Scr. As a matter of fact, rnanv cumpicis work or the knolls would be rapidiv buried I |: dirShg -

M .f s Q dr ?[g' h
? diapiric shales are known Ther'efore, the under the accumubting sediments. 'Another R I I
-:uries of shales observed in connecdon important piece of information furnished by b PM%i

:~ M #.;~NC'sfj = [ k W if;g %Q':2 ::::y salt disp!n is an ind; cation of the the drilling of Challenger Knoll is that cap
t [;

' '4~ of comp 2ction of the shale at the time of rock can be formed under the fioor of the ''
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ocean. In this case, the dissolution of salt can slumping and submarine crosion. This exp!:na-residue to be 15.3 Mf

tion requires that the diapir had a poutive
on.ly be caused by percohting sea water; clearlytopegraphic expression for all the period of

anhydrite content at dei
|

*.
- this process limits the uplift of toe strata above m of ult should haveMno accumuhdon over its top. Therefore, the uhte the 270-m-diBthe rising diapir. ..

rate cf growth of the diapir must have been For many other dispui3Seir the crest of one of the Sigsbee Knolh, of the same order of magnitude as the rate of
Bryant and Pyle (1955) have collected a core is closer to Ku fer'sv6,

sedimentation. I of dissolved g sbd2
;

5.5 m long, which containsindurated sediments
;

f thouund meters. FJG* of raiddle Miocene age. T'ne Miocene sediment Caprock Formau.on
is a calcilutite. indicating that sedimentation Salt dia its with a thick caprock formation (1969) has calcuhted disif

. was prevailing pehgic. "Re com action indi- have been dissolved fr:iioEer con sive proof that diapir growth is a County, Texas, for i.E
$

cates that in the past the mi die Miocene'I ~

! sedi:nents have been covered by younger slow process. Many diapirs are known with a
i

I deposits. The present situation can on!v be caprock formadon exceeding 300 m in thick-
| 6,000 m. R

1961, 1966). Naturally, the If the emplacemend

I esphined by erosion or slumping of you'ngerness (Murray,
volume of salt that has to be dissolved by ( catastrophic aEair, thel

time of emphcemente
-

! sediments of the sides of the knoll. These ground water to accumulate a certain thick-i
| sands of meters higher":enmples of reduced accumuhtion of sediments ness of cap rock is a function of the amount;

on top of a growing i it help to exphin of insoluble impurities contained in the sah. j of the caprock formatice~

many pu.: ling reladons between sah structures Kupfer (1963) has reviewed the problem of the) impossible, the only ps

and surrounding sediments. For example, Day composition of Gulf Coast sah and concluoedj growth of the diapir an
derne (Madison County, Texas), described by that the average anhydrite content is undersah. Subsidence over a d

Bo nhauser (1969). is surrounded by sediments 3 percent In the ult' structures of the Gulfeserlying strata co!h -i
16 thshowing no appreciable uorurn. Figure *,e dissolved 3,h,

*

Coast, anhydrite constitutes 99 percent of u Ishows a cross section throug'h this dome down nen no salt uplift is o
insoluble impurities.

to a depth of about 3,003 m. Clearly no pierce- Occasionally, cases of markedly higher rate of salt dissolution er.
ment occurred through the undisturbed strata, anhydrite content have been reported. For

growth. However, the e
,

even if some piercement must have occurred
through strau now buried at greater depth. example, Hanna (1934) has dissolved specimens | moence indicated by :cannot account for t5: tof uit from 90 m below the caprock conta:t in
The lo;ical exphnation is that the missing the Hockley dome, Harris County, Texas (5e:cussing salt.*

sediments were never deposited over the sah Fig.15 for location), and found the insolubleClearly the rate of)

continuously removed bydispir or were
8
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N e-idue to be 15.3 percent. lf this is the average function of the volume of ground water com-
H p $

* ~ viiir,

f ', %e3 rite content at the Hockley dome,1,800 ing in contact with the salt per unit of time.d
'

I u _ . ;.

p. g@k
.cf salt should have been dissolved to accum- However, no cuantitative cerehtions between (

.

t. ,, ..

. We the 27D-m thick caprock formation. dissolution rancs of s21t and hydrologic prop- [

* . _M-

. o rnanv othe diapirs, the anbydrite content erties of the surrounding formations have , . , ,9 c.,r-

closer 'to Empfer's value, and tbc thickness been found in the literature. p k,

?.%jyk*
- 174

gh, Og%~ dissolved salt should have been several i-

i-asand roeters. For example, Borrthause.r Evolun.on of Rim Synch.
; F

s e@%' ' ..M
tynes e

7 g . ,g.Moj has calculated that about 45 km' of salt Another way to obtain info /mation about b R .

ive been dissolud from Dav dome. Madison the evolution of sah structures is to studv thep W ' '5 h 3

"

ounty, Texas, for a thick' ness of 5,000 to rim synclines. Tne rim syncline forms simul- Mihm W'000 m.
taneousiv with the accumuhtion of salt in the

,

mirophic aEair, the top of the salt at the area of u'plift:it results from the downwarping
. ! @ EA., -Il the empbcement of salt diapirs were a

M3 %f~"7 . *
3 :

m of emplacement should have b en thou- of the overlying strata into the space vacated i p M E'MRbv the salt f2owin
vis cf maters higher than the present too 15 the Gulf Coas:g into the growing struerure. i 8 N M.*ST* '

t

area few wells reach depths I
,

th: caprock formatior Since this is clearly at which useful data on the evolution of rim 'I
I @:.9 :- 33.f kaM*hhe

M
possible, the only p. assibih.rv is continuous svnebnes can be obtained. In addition. wells ;| hi CDu,r

*

ath ut tne c..
. .. . .- .

~re normally located on structural ..h. hs,, re w-apir cunc; cissolution of the iE.'%c
t. Subsidence os er a dispir occurs wben the where accumubtion of oil and gas is possible.

< . ~ -ig q
[ hpcf4223e 'wge- -n,

erlym; strata colhese into the space left by Tnerefore. most data on rim svnchnes are
'

<

_Mj- m.MMM -g, cM: dissolved salt. This is possible in periods furnished by seismic reflection proiiles.
,

@ h y hh G^ gm no salt u lift is occurring or when the p
tof salt dissofution exceeds the rate of dianir

In Germany, where the mother bed is much
closer to the' surface, rim svnclines are more I d !. %@.k.-g~I' +-

ath. However, the magnitude of total st b-
accessible and their evolution is better known. .} [. @1 " . 'pg . e

'
, .

met indicated bv the geologic relations Trusheim (1960) and Sannemann (1965) have
90t account for t5e thousands of meters of described the shift of the axis of the peripheral
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Figure 17. Dhgrun showing idealbed reladon located on tbc site cf tbc primary sink. Rate of salt

between a salt diapir sod tbc penpben! sink. Notice adgrauon can be estimated. (Origi:ully designed by( volume of saltin-
km', of which 3

snigradon of tbc axis of the rim syncline through Sannemann; redrawnfrom Trusheim,1HO.)[ form the cap ro:1[ ,o

geologic time and resulting pseudoandcline with axis
( the volume of the'"
1 is located. The d '-

catial accumuhtion between rising and sub- piercement of the overburden. salt is squeezed
2

siding areas. Figurt 17 < bows the idealized into the diapir and the anticline that supplies
( synchne through * -

(Cdhpse of sah as7

cross section of a salt dispir and associated rim the salt collapses under the weight of overlyingl of intrusion of sahe'
svncline. At the end of the process of diapiric sediments. At the surface there is a centralI di6erent from tha" .
ibtrusion, a structural intersion is completed. uplift surrounded by a sunken area. Sedimen-g

Tne area of the primary subsidence, forrned tary processes result in reduced accumulation
pmcesses. ;g*

p'''**llythere ire *M ****"'5h. k'
' "J

when Sowage of salt was in the initial stage, on the uplift and an increase of accumulation
*-

,

becomes structurally high (see aho Fig. 4). The in the sink, thereby intensifying the pressure,
Fma

oil field D35te in Lower Saxony is located in diference responsible for the Sowage of saltactual salt movemi:Lk
* ,

i a pseudoanticline of this kind. At the time of (Murray,1961). the growth of salt d'a:E*T:5
) I

mems have been o'h). ;
' ( io:sted in salt diapa

% .r*%
g,

{ of shaUow salt diaprEt$Ar6.n...
! f

cf7 '

! the , interpretation oRiisM ' ' i"i P Pi

/ # = N . ,,_., Q,, . b -'' . ,,, , obtained in sair r.lo.'M|2.

i
.

. . . . , ' of the mined caddifer
[c '.;i " ci., '"E; "-***" .f..

''f -"\ occasionally ve.-v raph
,

l' ^iaba==*s
t N 1 a ""..,; 5.,

ch*he sediments shouldis'ilshCurr"o@[nfa*M
i< f* _,

7f=.. (.'.".E""k
,

f *./----' { 3 NT N ._ _
I

- _

%. N i g
c: t

.kc5 / ;"',, 4 4 a few cases of salt mcnq
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| st is likely that many siiidosfh revealed if the approp .zi!Gi!

- [f '''')T},. . ['..'-fIy/ %
3/ i,

conducted. For ocep dg
(\ / 'T-- 4 { of rnovements would litgj g.

Lou +.,.n,""

: :.

Y o t uc i t,-'

[ furnish a valuable tcdYI
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~ % ,".. k, $ ' d .g growth of salt diapin.cipj$
,

$sLi Islietts itstems
\.'' . __

" . . ,

' .[- er (
\5 no observations of this sc.,

' . j[ #i s ' .i. i .;i .7.. T m..'.
s.W.- e.l.. . %[" V, - . set.t costtst re vesct have been teDorted in tieI:,// V.'
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Lotte (19$) mentioci5'#

Figure !$. Indu cup abo =ing areas of intrusise Map is connesy of I.4uisiana Geological Survey (ft-"
| Of ] to 2 mm per yr hask'

Stocks of the Caspian dp
salt (suppled) and locadon of undergtound salt snines Kupfer,1H3). } (1960) reports Teichmfr:I
(sur) of the Gulf Coast region of tbc United Sutes. :p

$.W
:M_.

t ng
a:-
. t?.

*i*'O>-

__ __ % .
- e ___

-

_ _$ h h w~ - n o _m ys.;p _",.c~n_n.M_wwp[gbm.w ; .x
. v.h

' b - b bb7 d.



_ _ _ _ .

dM.wy$@tueeD&#^;M>M6MdWMMA&$bMM2 '~Q Q R & $ I S Q $ 5 5 $ & f $ . kkh% r~EsNSQK,

C

.Jmrh';.

.-
: . e*!it
.-e .:C : t t ,: ..n'* -

!
- s a:e

} ; 1p;1 g-.,
'

'

SALT TECTONICS AND DISPOSAL OF RADIOAC7WE WASTES 3571
-

d g j:P, . c _ g'

j 5 hh.O khMi Figure IS shows the location of the Five the rise of the salt stock of Segeberg, in Hol- d h-fhM7gUl
'

Isiwds in southern Louidana, which gives an stein, northern Germany, has been about 2
- il utMW MM-

"

/ enmple of diapirs located in a syncline. The
V Five Islands' regional syncline extet.ds from mm per yr in the last 20,000 yrs. From ob- | p -Q h@@d i g % i [i-; le5:non Is'2nd at the nonhwest to beyond serva tions by Lees and Fdcon, Trusheim (1960) % gp.3

has calcuhted a rate of salt movement of 2A p
steeply and thicken into this regional trough. mm per yr in salt structures located in Iraq.

JBelie Isle at the southeast. Sediments dip

| Aeparently, the syncline was formed when the g ' { e.p g" p'w%
' ,

Sheets (1947 reports that active movement [has been meas)ured at Hoskins Mound Brazoria
'

.

% - " * . .#.G4sd:. accumubted in a long uit anticline, was 4 ; ' M .T
soueezed into the various dianin of the area County, Texas. An area of 100 acres located in
(szies and othen,1959). T'he Day dome, the central part of the diapir has apparently

ig 2-R t
'

..

3 b@8%Mm .

''&_
I ,Wdison County, Texas, is another case for risen a maximum of IS cm in a 23 yr period

3 li%g "*) i
(1922 to 1945); the resulting rate of uplift at~ p

etich there is good evidence of a former sdt the surface is about 5 mm per vr, which be- | '4 h
A -

-

Nrs. % @% N @4 @
j Mandeline that sup

Borr.hsuser (1969) plied salt to the diapir. cause of the known subsidence of'the surround-k xtI
'

has estimated the toal ing area, is likely to be an overestimate. How- Qd"W8vrlume c.f sal: intruded in the day dome as 90 ever, it could be the beginning of a salt spine r3q -h!=8, of which about half has been dissolved to )
form the cap rock. This value agrees well with such as those present at Anse La Butte,le6enon ;. , L

.

Ishnd, and Belle Isle in Louisiana.' y. ,
g(I the volume of the trough where the Dav dome Muebibercer and Chbaugh (1965) re

'

'h . g.t;-E h 'f.r g -l 'I d
e- ^ ,G Mislo:sted. The migration of the axis of the rim that in 1987 part of the min'e locate in

i

rt
'

j svecline through geologic time and the slow WinnEeld salt dome, northwestern Louisiana,
|

~

co" apse of salt anticlines prove that the rate 7 ~ Tie,

1 efintrusion of salt diapin is not signiEcantiv was accidentally nooded, causing a
y

' etched line. After 27 vrs, the etched line was j n hywater-
, . .

Q d;5erent from the rate of other geologic no longer horizontal. but showeo a deformation
i

d iL P IN A .
,

,

M @,M$* pg'@@pro: esses.
amounting to several cent:meten.

g, 1

g", egg % 7 p.eM.5
gM gg,,-Present Movements In a railroad cut on the nor:hern slope of cL

'

leferson Ishnd, brackish water fossils were
,

M.iP=ed
'

Finally. there are several obsenations of found in !ciose sand. 6 to 9 m above sea level

pM@k~#
i ,

gyg[~J ,janual sdt mevements that can be related to (Balk.1953; nughan,1925). The fossils were r,

J m:sts have been ob<ened either in mines identified and found to be preably of hte
[,N

k
C '

the growth of salt diapin. The reported move- ppe.cr, -w-
M 4Pleistocene or early Holocene age. If more
: [( 'kcated is sah diapin or at the surface on top accurate dating should confrm the age of thesej j

fr4%:- ,

;;&g#GTM+.,#. -c'ahallow salt diapin. Caution is necessary in fossils, the logical expbnation would be that
"g Q'.

} tie intereretation of data on deformation at the beginning of the Holocene,11,000 vn
! gfi.g.p[#rgm#~

,.

enczined in sdt mines because of the closureB.P., the sand was accumubted in a brackish [
M 2[pas '

s 4 he mined cavities that .p p e.L ,t alwavs occurs, water manh located at sea lesel; from this it
3 d?J ~ - #

~. =

) =bwned uplift, the possibility of subsidence
'

casionally sery rapidly. In the instances of would follow that the deposit has been up- .
U

(f the surrounding area becausi of compaction lifted tc th present level during this span of
Og7.o

4 3 hxd ~ntime. Cor.sidering that 11,000 yrs aco sea level

$"i g _.',j sithe sedimen:s should be analyzed. However, was about 30 m below the present fevel (Fair- 2a j
I

i ? m cars of salt movement seem censin. and bridge,1960), the uplift might be 30 to 40 m
-

-,,

:j n is likeh that many more instances would be in a time span of 10.000 to 15,000 yn, which
mealed if the appropriate measurements were : ;i - y@y y

,! ; -",

'y p
q renducted. For deee dispiri the observation gives a rate of growth of 2 to 4 mm per yr. It it

_

worth no:i:ing that on!y part of the salt core i ' q $m: J
's

a e' nove:nents would be ex meted to be rnere shows signs of recent ris ng at lefersen Is'and. !. ]
,

'-
-

; m
1 c Ecuh because of the probable slower rate The ma3or part of the diapir terminates in a

.{d 27 k"NNk$
;j g.yg-dMp.@

,

g*a;of uh u-li:t. Microseismic data might well Eat surface at a depth of about 250 m. On the
{

."-

: Mit EE gNE4Sij hrn:sh a# valuable tool for investigating the southeastern edge of the diapir a spine rises to
.

h M N @./jp g g:4 ptmh of salt diapin. especially in depth, but !.

the avera
'c ebsenations of this nature are known to However,ge elevation of the surface in the area.

[4
'q !g

t y$y M 1 p @.q W $g
no salt is exposed at the surface, as

JJ ke betn reconed in the literature. !! d.Gjjg|;fyy.1
Lo:ta (195'7) mentions that a rehtive uplift about 20 m of sediments oserlying the salt[tspine were arched to form the hill called [ '

n
; bd $Y5 hS9 '!! to 2 mm per vr has been measured on salt Jeferson Island (Wharton,1953). I -.j

-

.huW N TME' NLt of the Caipian depression. Trusheim Wughan (1925) repcrts aho that near Shaft
'

;

d %g- [Q' QhhkMNg !% reports Teichmuller's conclusion that Hill on top of the Belle Isle diapir, one of ,'
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Louisiana's Five Ishods, a conglomerate bed more drastically by the required stability of f

emplacernent:

shh strike N. 75* E.. and dip 23' NW. is mined cavities than by the plasticity of the ogists Bu!I., v.5

s. expx-d. The fossils in the conglomerate are salt formation. On the other hand, a depth of3( Bryant. W. R., and h, g. +
all spedes represented on tb Gulf Coast today, at least 300 to 400 m seems desirable to remove

sedirnents fro.n s;

I. It is clear that since accumuhtien, this con- the waste from geologic processes active at or [ Am. Assoc. Petikg
p.1517-1518. s y

glocaerate has been tilted to an angle of 23*. near the surface- , Burk. C. A, Ewing. 9, .p,g-y
Ahhouch salt dispirs certainly exist for ';

h[,' Bejggren, w 3ygis this case the data are insuf5cient to cal- which no' future salt uplift is possible because,

cuhte the rate of uplift, but the evidence of of depledon of salt in the source area, nevenbe-Pessagn, g.j,g|-*

di #recent movernent is inescapable. less the demonstration of the safety of dispoul ( Gulf of $' ;en *gN
Finally, there is the observation that of the

thousands of salt structures known throughout in a salt dispir would require very extensive Carter. N. L., and HeaI.
V ogists BuU, v.53.

the world, none has ever been observed to geolopc nvestiga tions. In addition to the | R'

undergo the rapid growth postuhted by a few structural problems, diapirs would present
and rate depende

authors. Since all stages of development of salt much more serious hydrologic problems, be.
Am. Jour. Sc: v.2%

'

Cabau;h. ,P. S,19C2
,

structures can be observed, the only possible cause of the complexity of ground water circu.
t

condusion is that salt diapirism is'reguhrly 12 tion in the adjacent fracture zone and because| . .f rrnec salt: Scieng
.

,

but only accurate measurements or geologic of the salt mass in correspondence with shearin'g
,f

""',*] Es$d
$iat$of the possibility of temporary permeabibtv
C6fgl

occurring whenever conditions are appropriate'.,
DeBockh. H.. Le[73et, y["[ *:[h

zones. | c
observations can provide evidence of the slow

-

! 1929, Conuib,utio 3g
rate of movement. ACKNOWLEDGMENTS
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